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ABSTRACT

This document presents two IBM-7040 Fortran Programs, Numbers 4-1 and
4-2, for the analysis of steady-state liquid heat exchange systems composed
of ducts and extended surfaces (fins). The system exchangeé heat with its
environment by radiation, convection or both, under conditions where the
environment parameters are invarient with position along the tube or duct.
The programs calculate heat exchanged, fluid and duct temperatures, friction
pressure drop and a number of heat exchange parameters. Common input data
include system dimensions, material and liquid properties, flow rate, and
environmental conditions.

Program 4-1 is applicable to environments where as many as three ex-
ternal bodies may be present to effect the radiation heat transfer. One cf
these bodies is assumed to be the sun. The system configuration is limited
to round tubes and symmetrical fins.

Program 4-2 is applicable to innumerable geometric configurations
including non-circular ducts, irregular shaped fins and fin spacing. Each
fin can have its individual material properties and environment. However,
fin performance information has to be established by techniques which are

not included in Program 4-2.
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INTRODUCTION

This study is a natural follow-up of the work presented in Ref. 1 in
which programs using numerical integration routines are presented for calcu-
lating the combined radiative and convective heat transfer from extended
surfaces (fins). Techniques have already been developed for predicting the
per formance of extended surface heat exchangers losing heat solely by radia-
tion. This study, however, contains the first programs capable of analyzing
convective and radiative heat exchangers, where a fluid is either heated or
cooled.

In the radiative cases it was observed that the length of duct re-
quired to cool a fluid could be established using an effective (or equivalent)
length for the fins and duct system. The equivalent length of a fin is the
length which an imaginary strip perpendicular to the axis of the duct would
have if it transferred the same amount of heat as the actual strip length
but had a constant temperature equal to the duct root temperature. The
total heat exchanged is the sum of that exchanged from the duct and fins.
The fin equivalent length was observed to change little with a change in
root temperature and would therefore remain almost constant along the duct.
In Ref. 2, duct length claculations were made using an arithmetic average
equivalent length; However, it was found in this study that an alternate
method would give increased accuracy, as a result some of the procedures
were modified.

Two programs are presented, 4-1 and 4-2. The first is limited to the
case of circular tubes and symmetrical fins. The maximum complexity for the

radiative environment is as illustrated in Fig. 1. Program 4-2 is very



general to make possible the solution of a large variety of problems. It
will not calculate fin equivalent length. However, this information can be
obtained by using the programs given in Ref. 1. Finite difference programs
may also be used. In Program 4-2 the duct configuration is specified by the
cross~sectional area and perimeter in order that non-circular ducts can be
analyzed. By separating the fin performance from the duct length calculations,
innumerable configurations can be analyzed. The fins can be of single or
multisection shapes, of unsymmetrical design, of different materials, and even
in different environments. These programs should find wide application in
solving a host of heat transfer problems which have heretofore been considered
momentarily impractical or physically impossible to solve accurately.

The solutions to purely radiative problems of Ref. 2 were simplified
by using dimensionless parameters to specify the environment and the fin
configuration. Numerical integration was used to obtain the fin effectiveness
in terms of the parameters. Curve fitting techniques were employed to corre-
late the numerically calculated data so that the programs contained only
systems of equations to calculate fin performance and the duct lengths. ©No
comparable set of equations is available for calculating the effectiveness of
fins in a combination radiative and convective environment. Therefore, numer-
ical integrations are used, either directly or indirectly, to obtain the fin
per formance.

Considerable machine time is saved by using the integration routines
as little as possible. Approximate wall temperatures are established at
each end of the duct. After these temperatures are set, the heat transfer

equation is integrated at each end to determine the effective fin lengths.



Following these integration steps, tests are made to determine the change in
the value of the equivalent lengths, Le. If less than a ten per cent change
has taken place, a linear equation relating Le and Tw is derived to pass
through the two established points. 1If a greater change has taken place, a
third integration is made at a temperature midway between the inlet and exit
wall temperatures. A polynomial curve fit is then made through the three
points. The fin equivalent length equation is used to calculate the section
lengths and the temperature conditions along the duct.

The manner of specifying problem conditions in Program 4-1 may seem
odd at the outset. The normally expected conditions (tube size, fluid flow
rate, and fin geometry) are of course required. However, the duct length
and duct section lengths are established by the program. The tangible con-
trol over these items is the heat exchanger effectiveness, (&), and the mesh
(number of divisions to be used). The exchanger effectiveness is defined in
the same way as in conventional heat exchanger or boilers, i.e. the actual
temperature change divided by the maximum possible temperature change. 1In
this case the limit of maximum heating or cooling is established by the
effective environmental temperature. Since the environment is composed of
both convective and radiative items, the exact effective temperature may not
be readily attainable nor is it necessary in most cases. Furthermore, the
machine uses approximations for obtaining the exit wall temperatures and from
this recalculates the exit fluid temperature. Also, the actual effective-
ness will differ from the value of € specified by the user. A sufficiently
large temperature difference (high value for €) can be predicted, and the

duct length calculated for approximately this condition. Since the machine



can calculate the conditions in a duct of*considerable extra length and for
a large number of intervals in little time, the length of duct actually
needed can.be taken either at one of the section points calculated or by
interpolating between points. The author has observed that in many cases
neither the inlet nor the outlet fluid conditions are specifically known
until the system performance has been established. 1In these cases a wider
spread in temperature than needed is submitted to the machine since the re-
quired conditions can be established by plotting the output data and select-
ing a midsection from the curve. Two advantages are obtained by specifying
the input data in this way. (1) the programming is straightforward so that
a minimum of machine time is used, and (2) the likelihood of the user's
specifying conditions which are impossible to solve is greatly reduced.

The "AICH" subroutine used in Ref. 2 for calculating the internal
heat transfer coefficient employed several equations to cover the laminar,
transition and turbulent regimes. In passing from one regime to the next, an
abrupt and unrealistic difference in heat transfer coefficient was predicted.
Also the heat transfer coefficient in the laminar region was higher than cal-
culated using the popular Nusselt number. A new subroutine was written to use
Nusselt  number in the laminar region and equations from Ref. 4 in the tur-
bulent region.

Duct length calculations in these programs use an iterative method in
lieu of the parametric procedure used in Ref. 2. This decision resulted from
the fact that discrepancies as high as 15 per cent were observed in sample
problems when comparing the lengths calculated by the two methods. The error

appeared to lie in the use of an average effective length for the fins.



Mathematical procedures using variable effective lengths would have been
time consuming. In the interest of machine and programming time they
were abandoned before being completely developed even though they have
merit,

Since this work follows and is in parallel with that presented in
Ref. 1, it will be assumed that the reader has access to Ref. 1. There-
fore, little of the data presented in that document will be reproduced
herein. It will also be assumed that the reader is acquainted with Newton's
iteration method and linear techniques for obtaining solutions to complex
equations. Linear and polynomial curve fittings are made to represent the
data extracted from an array of equation. These techniques are assumed to
be self-explanatory. A number of equations have been taken from the litera-
ture. The source of the equation and specific location are given in parentheses
following the equation.

The basic assumptions made for these programs include the following:

1. Steady state conditions have been reached.

2. No heat is transferred from the outeredges of the fins
(corrections can be made for this item in the second program if the user wishes
to expend the extra effort to do so, but normally the accuracy of the problem
does not warrant such refinement).

3. No heat is transferred in the direction parallel to the duct.
(The temperature gradient in this direction is normally small enough that
its effect does not materially degrade the predicted performance.)

4. The environment remains constant along a fin and throughout the

length of the duct.



5. The material properties of the duct and fin are not affected

by temperature or position in the system.



NOMENCLATURE
Computer
Equations Program Definition
A AA~AAA Equation constants
a,aa

Ad AD Duct cross sectional area for fluid
flow, sq ft/duct

o ALPHA A Absorptivity of surface facing sun,
nondimensional

o ALPHA B Absorptivity of surface away from sun,
nondimensional

A AP Plan form area exchanging heat with the

P environment. (Heat may be exchanged

from both sides of the extended surface),
sq ft

Bb,bb BB-BBB Equation constants

b BD Constant (see Eq. 1-23)

£ BIGE Heat exchanger effectiveness, non-
dimensional

b (L) B(L) Subscripted constants

CC (o] Equation constant (Eq. 1-24)

N u CKH Nusselt number, nondimensional

n

Ko,5 CKO,...,CK5 Heat transfer constants, (see Eq. 2-21 to
2-26)

cM(D) Subscripted constant in Runge-Kutta-Gill

“integration routine

CP cP Fluid specific heat, Btu/lb R

C1 Cl Radiative constant, o(ea + eb),

Btu/hr sq ft R*



Eguations

C1 (L)

C14(T)

Co

Czd (1)

Ca (L)

Ca

DZ0

DZW

(dZ/dw),

(dZ/dw),

Computer
Program

Cl(L)

C1D (1)

c2

¢2D(I)

Ccz(L)

C3

DELTAH

DI

DO

DP

DPSUM

DZ0

DZW

DZ1

DZ1A

Definition

Radiative constant, C; for fin (L),

Btu/hr sq ft R*

Radiative constant, Ci, for duct
section (I), Btu/hr sq ft R*

Radiative constant, heat received from
environment by both surfaces of a unit
of fin area, Btu/hr sq ft

Radiative constant Cz for duct section
(1), Btu/hr sq ft

Radiative constant Cz for fin (L),
Btu/hr sq ft

Environmental parameter, Cg/CLTW4,
nondimensional

Thickness of root or attachment end of
extended surface, ft

Duct inside diameter (or effective
diameter), ft

Tube outside diameter, ft

Fluid pressure change in section,
1b/sq ft

Accumulated sum of pressure drop,
1b/sq ft

(dZ/dw); for a previous attempt at con-

vergence where heat transfer was low

(dzZ/dw), for a previous attempt at con-

vergence where heat transfer was high

Initial value of (dZ/dw) to start integra-
tion routine, nondimensional

Initial value of (dZ/dw) at the root of
the first section, nondimensional



Computer

Equations Program
a®z D2Z

do®

0 EFC

c

Q EFR

T

L ELC

c
L ELE

e
L ELEEND
ef :
Le(L) ELE (L)
Lef(L) ELEF (L)
ELEMID

LeS(L) ELES (L)
L ELE1

es

L ELW

W

L ELWSUM
ws

(L) EM(L)

Definition

Function statement, nondimensional

Flat plate convective effectiveness,
nondimensional

Flat plate radiative effectiveness
(approximate), nondimensional

Duct width for convective heat transfer,
ft

Equivalent length of a fin, ft

Equivalent length of fin at conditions
approximating the end of duct
(Program 4-1), ft

Equivalent length for fin (L), ft

Equivalent length for fin (L) at condi~-
tions approximating the end of duct, or
at temperature wa, £t

Equivalent length for fin at wall temper-
ature intermediate between entrance and
exit (Program 4-1), ft

Equivalent length for fin (L) at conditions
approximating the entrance to duct or at
temperature, Tws’ ft

Equivalent length for fin at conditions
approximating entrance to duct (Pro-
gram 4-1), ft

Duct section length, ft

Total duct length measured from inlet, ft

Subscripted constants, see Eq.(2-17)



Equations
N

ah

ax

Computer
Program

ENT

EPSA

EPSB

EPSM

EPSX

ETAA

FA

FAH

FAX

FB

FBX

FE

FF

FFL

FFT

10

Definition
Number of ducts in heat exchanger

Emissivity of extended surface facing
sun, nondimensional

Emissivity of extended surface away
from sun, nondimensional

Emissivity of body "m', nondimensional

Emissivity of external body, "x'", non-
dimensional

Area effectiveness, ideal/actual, non-
dimensional

Radiative form factor between heat
exchanger and body, "m", for surface

facing sun, nondimensional

Environmental convective parameter,
nondimensional

Radiative form factor between the heat
exchanger surface facing the sun and a
second surface near the heat exchanger,
nondimensional

Radiative form factor between heat ex~
changer and body "m" for surface away
from sun, nondimensional

Radiative form factor between the heat
exchanger surface away from sun and a
second surface near the exchanger, non-
dimensional

Variable used in Newton's iteration
procedure

Fluid friction factor, nondimensional

Friction factor for laminar flow, non-
dimensional

Friction factor for turbulent flow, non-
dimensional



Equations

Fh

Gdl 3
Gz (L)

Gz (L)

h, (L)

hat

Computer
Program
FH

FINLH

FINTH

FM

FMESH

FNK

FO(I)

FWH, FW(K-1)

GD1,...GD3
G2 (L)
G3(L)

H

HA

HA (L)

HB

11

Definition

Extended surface convective parameter,
nondimensional

Extended surface length of section, ft

Thickness of extended surface at root
edge, ft

Constant, see Eq. (1-22)

Number of sections in which the duct
length is divided, nondimensional

Thermal conductivity of fin material,
Btu/hr £t R

Subscripted integration increment

Variable used in linear convergence
process

Constants for duct
Subscripted constants
Subscripted constants

Convective heat transfer coefficient
from duct fluid to wall, Btu/hr sq ft R

Convective heat transfer coefficient on
the side facing the sun (if applicable)
Btu/hr sq ft R

Convective heat transfer coefficient to
the environment for side "a' of fin (L),

Btu/hr sq ft R

Sum of convective terms, (haTaa +hbTab),

-Btu/hr sq ft

Convective heat transfer coefficient on

the side away from the sun (if applicable),

Btu/hr sq ft R



Equations

hy (L)

h, (1)

pr

Computer

Program
HB (L)

HD(T)

HL

HT

IS0

ISW

ITER

ITLT

OMEGA

PERIM

PRN

Qs

QSUM

12

Definition

Convective heat transfer coefficient to
the environment from side'b" of fin (L),
Btu/hr sq ft R

Convective heat transfer coefficient to
environment from duct section (I),
Btu/hr sq ft R

Extended surface length, ft

Sum of convective heat transfer coeffi-
cients, (ha + hb), Btu/hr sq ft R

Switch to signal a zero condition has
been encountered

Switch to signal a wilt condition has
been encountered

The number of attempts for a starting
value of dZ/dw

Maximum number of iterations allowed to
revise initial dZ/dw

Ratio, L/L, where L represents distance

h
that the heat has traveled along the fin

and Lh represents the total length, non-

dimensional
Pressure, lb/sq ft
Duct internal perimeter, ft

Prandtl number computed by heat transfer
coefficient subroutine AICH, nondimensional

Heat exchanged with environment, Btu/hr per

‘tube

Heat transfer to the environment from a
unit of duct length, Btu/hr

System heat exchanged with environment,
Btu/hr



Equations

N
re

aa

Taa(L)

ab
Tap

T (@

Computer

Program
RE

REAV
RHO

RHOAV
RHOFM

RHOM

RHOTM

RHOX

SC

SC(T)

SR(I)

TAA

TAA (L)

TAB

TAB (L)

TA (I)

13

Definition

Reynolds number, nondimensional

Average Reynolds number, nondimensional
Fluid density, lb/cu ft

Average fluid density, 1b/cu ft
Density of fin material, 1b/cu ft

Surface reflectivity of body '"m", non-
dimensional

Density of duct material, 1b/cu ft

Reflectivity of second surface, x,
nondimensional

Solar heat, Btu/hr sq ft

Peripheral duct length for convective
heat transfer from section (I), ft

Effective peripheral duct length for
radiative heat transfer from section
(1), ft

Temperature at any point on an extended
surface, R

. n

Ambient fluid temperature on side
R

Ambient environmental temperature for
side "a" of fin (L), R

Ambient fluid temperature on side "b",

"R

Ambient environmental temperature for
side "b" of fin (L), R

Ambient environmental temperature for
duct section (I), R



Equations

wa(L)

TWS(L)

dw

Computer

Program
TB

TF

TFEND

THETAM

THETAP

THETAX

TS

TSTAR

TWF (L)

WS (L)

X

T(2)

T(3)

T(4)

14

Definition

Bulk (mixed) fluid temperature for
AICH subroutine, R

Effective environmental temperature,
see Eq. (1-5) to (1-7), R

Temperature of fluid in duct, R
Fluid exit temperature, T
Fluid inlet temperature,R

Angle between sun's rays and normal
to body "m" surface, degrees

Angle between sun's rays and normal to
fin surface, degrees

Angle between sun's rays and normal to
second surface, degrees

Surface temperature of body "m'", R

Duct wall temperature for AICH sub-
routine, R

Temperature used for calculating Nre and
Npr in AICH subroutine, R

Duct wall temperature, R

Duct temperature at root of fin (L) for
conditions approximating the exit of duct,
and used to calculate, Lef(L), R

Duct temperature at root of fin (L) for
conditions approximating the entrance of
duct, and used to calculate LeS(L), R

Surface temperature of body 'x'", R

Existing value of w, nondimensional

Increment of w used for calculations,
nondimensional

Value of T/TW, nondimensional



Equations
dz/dw

v

\'
av

av

Computer

Program
T(5)
Vv

VAV

VISC
WALTH
WD
WDOT
WDOTD

WF

WILT

WL

WT

ZETAP

15

Definition
dZ/dw, nondimensional
Fluid velocity, ft/sec

Arithmetic mean of inlet and outlet
velocity, ft/sec

Viscosity of fluid, 1lb/hr ft

Duct wall thickness, ft

Weight of a tube, 1lb

Total fluid weight flow, 1b/hr
Fluid weight flow in a duct, 1b/hr

Weight of extended surfaces attached
to a tube, 1b

Value of (dZ/du))l used for the previous

iteration, nondimensional

Weight of the liquid trapped in a section
of duct, 1b

Total weight of heat exchanger including
fluid, 1b

Heat transfer rate at fin root tempera-
ture, Btu/hr sq ft

Temperature ratio T/'IW for integration

routine, nondimensional

Profile number for rectangular plan
extended surface, nondimensional

SUBSCRIPTS

Surface facing the sun (if applicable)
Arithmetic average

Surface in shade (if applicable)



Computer
Equations Program
9]
(L)

16

Definition
Duct section "I
Fin "“L"

Denotes entrance to duct section
(if applicable)

Denotes exit from duct section
(if applicable)
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PROGRAM 4-1 DESCRIPTION

This program is adapted to systems having the geometry shown in Fig. 1,
and it is described below in detail. Much of the work presented is common to
the two programs and the overlapping portions will not be repeated.

The heat transfer from an element of fin surface depicted in Fig. 2

in.a radiative and convective environment can be written as
o 4_ - -
dq =[C1T “Cg + ha(T Taa) + hb(T Tab)]dAp. (1.1

This equation is used to calculate the approximate effective environ-
mental temperature. It is applicable to an element of fin or duct surface,
but the two surfaces may have different temperatures. Since the fin is
assumed to be the controlling heat exchange member, the environmental tem-
perature for this surface is taken as the one for the system. Calculation
of the true system environmental temperature did not seem worth the extra
effort to obtain it. The fin environmental temperature is obtained by assum-

ing in Eq.(1.1) that dg = 0 and T = Te' Therefore,

4

|
It

T *+hT - (Cz+h ) =0 (1.2)

where

h, =h_ +h (1.3)

and

hat = haTaa + hbTab . 1.4)

1]
(]

If the convective heat transfer coefficients ht = hat
1

Co\ %
Te =\ /- (1.5)
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(1.6)

If both modes of heat transfer are present, Newton's method is used

for obtaining Te' For these calculations

T =T'-F [dF a.7n
e e e e
dT
e
where
dFe s
dT_ = A0T, b (1-8)

For the first approximation Te' is taken equal to the average value calculated
from Eqs. (1.5) and (1.6).

The constants C, and C, for the environment of Fig. 1 are

-8
Ci = (e, +¢)0= (¢ +¢)0.1713x10 (1.9)

[Ref. 1, Eq. 2]

and
Cy = SC(OIa cos GP + Faaapm cos em + FaXOlapX cos QX + Fbabpm‘cos em
+ F, o0 cos 8 ) + o.1713x10'8[(Faea + Fbeb)em:rm4
FF o+ Fbeb)exTxé].+ 0.0L(c, +¢,). (1.10

[Ref. 1, Eq. 3]

The heat transfer from an element of fin shown in Fig. 1 can be written

as
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kO T [ az
dqf = T 10 dL = thT]adL = yLedL (1.11)
where
— 4 - -
y = ClTW Cs + Twht hat (1.12)
W = i_ (1.13)
h
and
=L
Z = T (1.14)
w

Thus y is the heat exchanged per hour per unit area at the wall temperature.
The heat transfer from an element of duct can be obtained by adding
the amounts resulting from both radiation and convection. However, in this
program each mode of heat transfer is calculated differently. As explained
in Ref. 2, the heat transferred by radiation from a fin and tube system can
be readily evaluated with excellent accuracy using the projected area of the
tube. 1In this program the heat transferred by convection is assumed to take
place from the exposed area of the tube. With these areas the heat transfer

is

dg; = D_(GT * - C2) +L (AT +h ) dL (1.15)

where

ﬂDO
L= 52— 8 . (1.16)

The equivalent length for the fin is equal to the product of the fin length,

Lh, and the area effectiveness, or

L, =ML . 1.17)
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This equation can also be expressed in terms of the dimensionless

temperature gradient, (dZ/dw);, at the fin root, and

g—z‘)
~Lh dw )

e gp(1~cs) +F, - F .

L (1.18)

[Ref. 1, Eq. 31]
(modified slightly)

Approximate values for the wall temperature, Tws’ and (dZ/dw), at the
duct entrance are obtained by using the method of Ref. 2. However, the
approximate equations (14) through (17) of Ref. 1 are used for calculating the
fin performance. The actual value of (dZ/dw)l is then obtained at the approx-
imate wall temperature by the numerical integration procedures described in
Ref, 1, Egs. (4) through (23).

It is also necessary to establish the numerical value for the equiv-
alent fin length at the end of the duct and, for certain conditions, at an
intermediate point, depending upon problem conditions. Fig. 3 is presented
to depict the sequence of events and the procedure. Steps (1) and (2) have
been explained above. Step (3) is quite obvious. The fluid temperature

calculated for step (4) for both cooling and heating is

T., - &(

Tfend =Th - Te). (1.19)

Tfl

The exit (end) wall temperature is established by assuming (Tfl-TWS)

remains constant. In the event that the predicted TW curve crossed the Te

f

line, a more appropriate wall temperature is arbitrarily taken wherein

T

wE Tfend - O'S(Te - T

ond) (1.20)

This wall temperature is used in recalculating the fluid temperature

at the exit conditions.
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The end wall temperature is used to calculate the equivalent length
(Lef) for the fins at the end. The integration procedure is almost identi-
cal to the one used at the duct entrance. The magnitude of the change in
Les from the entrance to Lef at the end is then calculated. 1f less than a
'10% change has occurred a linear equation is derived to pass through the
points determined by the two temperatures and the two equivalent lengths.

For this case

Le = mTW + b (1.2D)
where
I, - L
n = ef es (1.22)
T - T
wif ws
and
b=1L - mT . (1.23)
es WS

If more than a ten per cent change takes place, the equivalent length Lem at
a temperature T midway between T and T _ is calculated. A polynomial
wm ws wi

curve fit is then used wherein
Le = TW(TWAa + Bb) + Cc (1.24)

and where Aa’ Bb’ and Cc are computed from the three points: start, midpoint,
and finish. Since the machine calculates the coefficients for only one case
(m and b will be zero if the polynomial fit is used and Aa = Bb =¢ =0 if

a linear fit is used), the equation for Le can be written as

L,=T (T A +B)+C +ml +b. (1.25)
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The convective heat transfer coefficient between the duct fluid and
the duct wall is calculated by the "AICH" subroutine. Two methods are used

dependihg upon the value of Reynolds number. This number is

D, Ve Diﬁd
Nre= m =KEJ‘— . (1.26)

1f Nre’< 2000, the flow is considered laminar. If Nre > 2000, the flow is
considered turbulent. 1In the laminar region the coefficient is calculated
from Nusselt number, which is part of the input data. A table of values
for circular and other shaped ducts given in Ref. 3, p 103. From the Nusselt

number the fluid convective heat transfer coefficient is calculated or

(L.27

[Ref. 4, Eq. 7-30]
In the turbulent region a set of equations is used, wherein

. ~1/4
b= 0'0384WdCP(Nre)_l/6 o (1.28)
AL + 1.5(Npr) P ) (Npr - 1]

[Ref. 4, Eq. 8.14]
where Prandtl number,

C_p
N = -{%— . (1.29)

Both Prandtl and Reynolds numbers are evaluated at the reference tempera-

ture
CGOLN, 4 40)(T, - T)
b W+ 72)
[Ref. 4 Eq. (9.16)]

T*

it
]

(1.30)
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The convective heat transfer coefficient between the duct fluid and
the duct wall is calculated by the "AICH" subroutine. Two methods are used

depending upon the value of Reynolds number. This number is

D, VP D vy
Nre =~ KEE— . (1.26)

If Nre < 2000, the flow is considered laminar. 1I1f Nre > 2000, the flow is
considered turbulent. 1In the laminar region the coefficient is calculated
from Nusselt  number, wnich is part of the input data. A table of values
for circular and other shaped ducts given in Ref. 3, p 103. From the Nusselt

number the fluid convective heat transfer coefficient is calculated or

(L.27

[Ref. 4, Eq. 7-30]

In the turbulent region a set of equations is used, wherein

. -1/a
0.0384wde(Nre)

h = s e (1.28)
AglL + 1.5y )™Vo ) CIER )

[Ref. 4, Eq. 8.14]
where Prandtl number,

C W

N -ﬁ— . (1.29)

Both Prandtl and Reynolds numbers are evaluated at the reference tempera-

ture
(0L N_ +40)(T, - T.)

b @+ 72)

T*

[}
3

(1.30)

[Ref. 4 Eq. (9.16)]
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The temperature relationship between the fluid and the wall is estab-

lished by equating the internal and external heat exchange. From the fluid

to the wall,

dq = hp(T_ - T )dL_ . (1.31)

From the external surface to the environment,

dg = q dL. (1.32)

where

4
g = 2y[T (T A, +B) +C +mI +Bl +D (T * - C2) + L (AT - h_).
(1.33)
When Eqs. (1.31) and (1.32) are combined:
F =4 - hp(Tf - TW) (1.34)

where Fw is a term which approaches zero in the convergence processes.

Eq. (1.34) is employed in several ways depending upon the known condi-
tions. At the duct entrance the fluid temperature is known. The wall temper-
ature is calculated in a linear interpolation loop followed by Aitken's
method as described in Ref. 5, pp 136 to 153. The input fluid temperature
and the environmental temperature, Te, set the initial values for the
temperature points in the interpolation loop. The wall temperature lies be-
tween these two extremes. One or the other temperature points is held during
the interpolation process depending upon whether the duct fluid is being

heated or cooled. Aitken's method speeds up the otherwise slow convergence
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when the true wall temperature is approached. At other stations along the

duct the wall temperatures are known and the associated fluid temperatures

are iteratively calculated using variable fluid properties with Eq. (1.34).
The duct length required to cause the change in the wall temperature,

and the associated change in the fluid temperature is calculated from basic

heat transfer equations. The heat transferred from the duct fluid in passing

through an element is

dg = -w CP de (1.35)

d
Combining Eqs. (1.31) and (1.35)

~w, C_dT
i, = —9_p £

w ~ hp(T, - T) (1.36)

this equation is modified to apply to a finite length of duct. For the heat
transfer coefficient an arithmetic average is used and

hy + hp
h = — (1.37)

For the temperature difference between the fluid and the wall an arithmetic
average is used if the change in (Tg1 - Tyn) and (Tgz - Twe) is less than

five degrees in a section, or

(Tg1r - Ty1) + (T - Tyz)
=T -1, < > (1.38)

1f more than five degrees of change are calculated, a log mean temper-

ature difference is used, or

(Tgy - Tyn) = (Tgz - Tyz2)
ATm = (1.39)
(Tgr - Tyn)

e |(Tgz - Ty2)

log
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For a finite section length the fluid temperature change is

de = ng - Tfl (1.40)
with these modifications Eq. (136) becomes
L -laGle T g (1.41)
W h _p AT h p AT :
av m av m

The weight of liquid trapped in a tube is

section or

W Zp

L

av Ad L'w

The duct weight is

Wy

L
WS

A

pd_ m (D

The weight of a fin is

L
ws

2

c L 6, (1+6)

and the total weight is
Wt = (WL + Wd + 2Wf)N .
The plan area of the system is,

A, = (O + 2L N L__ .

the sum of that trapped in each

(1.42)

(1.43)

(1.44)

(1.45)

(1.46)
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Program 4-2 Description

This program is set up to handle a variety of duct and fin configura-
tions as illustrated by Fig. 4. 1In order to make it flexible the number of
extended surfaces attached to the duct and the divisions of the duct circum-
ference are specified by the input data. The heat transfer to the extended
surface is calculated for each surface from its equivalent lengths. The
heat transfer from the duct is obtained by adding the radiative and convec-
tive heat transfer from each of the sections. The temperature is assumed
constant around the periphery for all sectioms.

When the heat transfer to the environment from a given extended surface
is independent of the other extended surfaces, the programs in Ref. 1 can be
used to calculate the equivalent length for the surface. Unfortunately, when

" each

the extended surfaces are oriented in such a way that they can "see
other, the heat transfer by radiation to the environment is restricted and
no known programs are available for calculating the equivalent length. At
present the user will have to approximate the reduction in heat transfer and
ad just the values Qf Le accordingly. The approximations will be quite accu-
rate if the interfering surfaces are insulated, or if the ambient fluid is
opaque to radiation.

The cross sectional flow area for the duct can be calculated if the

duct is circular. If not, the area and duct perimeter must be included in

the input data. The effective internal diameter for a mom-circular duct is

4A

-4
D, = —= . (2.1)
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For circular ducts

7 Di2
Ay =—— . (2.2)
and
p=T Di . (2.3)

To account for the two modes of heat transfer, the calculations for a section
of duct circumference are divided into two parts, convection and radiation.

The division is necessar§~because of the use of projected areas (if applicable)
for calculating radiative heat transfer. Also it is assumed that the duct
itself might be of a complicated configuration requiring several sections to
represent the heat transfer. For any section, the heat transfer can be

written as

dq(1) = {Sr(I) [Cld(l) T,” - cgd(l):}+ S, (1) hy (D) [TW - Ta(I)j } dL. (2.4)

The effective section lengths Sr(I) and Sc(I) are thus chosen independently.
In some cases, for example, a duct without fins, equal values for Sr(I) and
Sc(I) should be specified. The heat transfer from an element of duct circum-

ference is

dqy = (Gd IW4 + Gda T_ - Gds)dL (2.5)
where
n
\"
Gdr = ) Sr(I) Cig (1) (2.6)
1=1
n
6is = ), S,(D) hy(D @.7)

I

[l

1
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and
n
Gda= E: [Sr(I) Czd(I) + S_(I) h, (1) Ta(I)] : (2.8)
I=1

For an extended surface the heat transfer is

dq(L) = { C1(L) IW4 - Co(L) + TW‘:ha(L) + hb(L)] - [ha(L) Taa(L) +

+ hb(L)Taa(L)] }Le (L)dL. (2.9)
Then, for
Ge(L) = h (L) + h (L) (2.10)
and
Gs(L) = h (L) T, (L) + h (L) T, @) + C2 (L), (2.11)
4 .
dq(L) = [Cl(L) T, Ge(L) T - GS(L)] L, (L) dL. (2.12)

Data for fin No. 1 and Eq. (2.12) are used with Newton's method for

establishing the effective environmental temperature. Setting, dq = 0 and

T =T
e w

F_ = Ca(1) Te4 +G2(l) T, - Ga(1) =0 (2.13)

3

dFe/dTe =4 C; (1)Te' + Gz (1) (2.14)

and
dF
T =T'-F [—== . (2.15)
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The outlet fluid temperatures Tgy is used as the first approximation

for Te'. The value of Te is accepted when
F_ < .00 . (2.16)

Should the system have no fins, the data for duct No. 1 and Eq. (2.4) is
substituted for Eq. (2.12) above.

The value of Lé at any point along the duct is evaluated from the
wall temperature at that point. Approximate wall temperatures st and wa
at the duct entrance and exit, respectively,are used in establishing the
values for Les’ and Lef' A linear equation is derived which passes through

the points established by the two lengths and the two temperatures. The

slope of the line,

Lef(L) 3 Les(L)

m(L) = T LD - T_D (2.17)
The intercept

b(L) = L (L) - m(L)T__(L) . (2.18)
The equation for L_(L) is

L (L) = m@T_+b@) . (2.19)

The other extended surfaces are handled as illustrated for surface (L)
above.
The relationship between the fluid and wall temperatures is obtained

from the system heat transfer equations. The heat from an element of duct
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length can be obtained by adding the heat from the extended surfaces and

duct or
dgq = quL
Where
q, = Ko + KaT_+ KeT ° + K4TW4 + KsT_°
n'
Ko = - [6ae +) Ga(w) b(L)
I=1
nl
_ \"
Ki =Gz + ) |G, (L) b(L) - G ()| m(L)
I=1
nl
Ke = ) (L) m(L)
L=1
nl
Ks = Gd1 + Z [CI(L) b(L)]
=1
nl
Ks = Z C1 (L) m(L)
=1
and

n'= number of fins attached to a duct.

(2

2

(2.

(2

(2

(2

¥

To calculate the wall temperature from a given fluid temperature

Eq. (1.35) is combined with Eq. (2.20) and

F = ¢

W - hP(Tf = TW)

]

where FW = 0 in the iteration processes.

(2.

the

.20)

.21)

22)

.23)

.24)

.25)

.26)

27)
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In this program, the fluid temperatures are specified at inlet and
outlet of the duct. The corresponding wall temperatures are calculated
by subroutine "IWALL' which uses a linear interpolation loop followed by
Aitken's method. This procedure is similar to the method used with
Eq. (1.35) at the duct inlet in Program 4.1.

The wall temperature change in a section is calculated from the

overall change and the number of sections or

AT = TW1 - ng = (T‘Wl - Twend)/FMESH . (2.28)

Thus equal temperature drops are taken for each section.

Section lengths and heat transfer quantities are calculated as in
Program 4.1. 1In this case the ducts may be of irregular shape and the actual
fin lengths are not used by the program, therefore, the weights of the duct

and fins are not calculated.
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CONCLUSIONS AND RECOMMENDATIONS

These programs can be used to solve a myriad of heat exchanger problems.
While they have been specifically designed for problems where the heat ex-
change with the environment is by the combination of convection and radiation,
they can be used where the transfer is restricted to either one or the other.
Problems envolving only convection environments are also solvable by conven-
tional approaches and such a program would be more economical with machine
time.

The rigorous mathematical treatment of the combined effects of radia-
tion and convection heat exchange systems has been avoided in the past be-
cause of the difficulties in solving the nonlinear differential equatioms.
These difficulties are made acute by the large number of variables which
influence the exchanger performance. Radiative exchange problems have been
greatly simplified by the use of dimensionless parameters. Comparable studies
with the combined effects of radiation and convection are sorely needed.
Performance curves or charts would aid in the understanding of problems and
in interpreting the results obtained for a given case. The programs presented
herein combined with those of Ref. 1 should provide interested parties with
the basic tools for making such a study.

Temperature drops in the duct walls and temperature variation effects
around the duct periphery have been neglected. These effects could be taken
into account in program 4-2 if desired. Wall resistance can be added to film
resistance to obtain a total resistance. The overall effect can be approxi-
mated by multiplying the fluid thermal conductivity by the ratio of fluid

resistance to total resistance. The peripheral temperature distribution
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effects can taken into account by adjusting the values used for Sr(I) and
SC(I). However, under normal conditions these effects are small enough to
be neglected.

Inter-radiation effects between fins which "see' each other will
introduce errors which are difficult to approximate. Very little work
has been done in this field.

A number of problems such as those involving condensing or evaporating
fluids or with cooling or heating gases can not be satisfactorily solved with
these programs. However, the modifications to make them solvable are not

extensive and therefore a continuation of work in this field is recommended.
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Fig. 1. Program 4~1 Heat Exchanger Radiative Environment
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dqb

Fig. 2. Program 4-1 Heat Exchanger Configuration
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AT = (T, -T .)/MESH

AT used to calculate
section lengths
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point to in-
sure against
crossing Te'

DUCT LENGTH
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ture change
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f1
(Input Data)
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Total length calculated by program

Program 4-1 Calculation Sequence
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/ /
/ /
/ /

P
Duct # 2

Duct # 3
Surface
Surface Fin # 3

Fig. 4. Program 4-2 Representative Configuration



APPENDIX A

PROGRAM INFORMATION

Included in this Appendix are flow diagram, deck setup, compiled
listing of the main program, and subroutines for Programs 4.1 (Figs. A-1
through A-6) and 4.2 (Figs. A-7 through A-12).

The following subroutines are common to both programs and are
illustrated only once.

Subroutine ENTERP (Fig. A-13)
Subroutine DECRD (Fig. A-14)

Subroutine "DECRD" gives instructions for entering input data.

However, the actual data numbers are given along with the problem input

data in Appendix B.



A-2

START

(" READ EFF
CURVE FIT
DATA
i

PRINT
CURVE FIT
DATA

—r

/READ FORMAT
STATEMENTS

READ
MATERTIALS

PROPERTIES
(DECRD)

READ
VARIABLE

COMPUTE
CONSTANTS

|

PRINT INPUT
DECIMAL
DATA

COMPUTE C,
AND C
2

COMPUTE
ENVIRON TEMP

INITIALIZE
ENTRANCE TW
LOOP

U

Fig. A-1  Program 4-1 Flow Diagram




A-3

INCREMENT
LOOP
COUNTER

PRINT
FATILURE
MESSAGE

COMPUTE INLET
C3

ZETAP
FH
FAH

]
COMPUTE INLET:
RAD, EFFECT.
CONV. EFFECT.
EFFECT. LENGTH

COMPUTE
INLET
LUID DENSI

ENTERP

COEFFICIENT

COMPUTE FE

INLET T
(NEWTON'S)

INTEGRATE
FINS AT
INLET

ENTGRT

COMPUTE
EFFECT, LENGTH
AT INLET

>

Fio. a_1 D mrm o 2_1 Tloare M2 Aammam Fanamié )




@ At

COMPUTE :
OUTLET TF
I

COMPUTE TRIAL
OUTLET TW

NO

COMPUTE NEW
OUTLET TW

]
COMPUTE OUTLET

c3 ¥ W
ZATAP

FH
FAH

COMPUTE OUTLET:
RAD. EFFECT.
CONV. EFFECT,

DZDW

INTEGRATE
FINS AT

NO

COMPUTE
MODIFY TW EFFECT. LENGTH
CIRCULATION AT OUTLET
FACTOR
‘ COMPUTE MIDPOINT:
TEMP
C3
-ZETAP
FH
FAH
COMPUTE LINEAR
FAILURE FIT FACTORS COMPUTE MIDPOINT:
MESSAGE RAD. EFFECT.
CONV. EFFECT.
DZDw

INTEGRATE
FINS AT
MIDPOINT

Fig. A-1 Program 4-1 Flow Diagram (cont.)



SET NEW

TRIAL TW

COMPUTE
EFFECT. LENGTH
AT MIDPOINT

COMPUTE
PARABOLIC FIT
FACTORS
1

INCREMENT
LOOP
COUNTER

PRINT
FATLURE
MESSAGE

HEAT
TRANSFER
(AICH)

COMPUTE
FWH
]
COMPUTE WALL
TEMPERATURES

CALCULATE
FINAL TWl

i

INITIALIZE
DUCT SECTION
LOOP

1
COMPUTE :

TW2
ELE2
YT

QS

 §
INCREMENT
LOOP

COUNTER

()



COMPU TE
ARTTHMETIC
DELTM

COMPUTE :
AVERAGES
ABC

YES ABC

SMALL?

NO

CALCULATE
LOG |
DELTM

i

COMPUTE

TOTAL HEAT

TRANSFER
]

COMPUTE J

DUCT LENGT

COMPUTE
PRESSURE
CHANGE
(PRDP)

[ PRINT

COMPUTE &
TOTAL WEIGHT

OF LIQUID

FAILURE
MESSAGE




PRINT
SECTION
DATA

\_/

SET INLET
VALUES TO
QUTLET FOR
NEW SECTION

YES

COMPUTE
WEIGHTS AND
AREA

|

PRINT
FINAL OUTPUT
DATA

Fig, A-1 Program 4-1 Flow Diagram (cont.)



Variable Case
Decimal Data
Requires (~)
In Column 1 of
Last Card of
Every Case

/
/

Last Card of

Material

Properties /
Data Requires /
A () in

Column 1

A-8

/

Decimal Data Change

i

/ Case '"N" Title Card /)
F' CASE 2 DECIMAL DATA ‘/
L, CASE 2 TITLE CARD y
/—————_—-—-—-—-— —  —— Gw— Gomeeamp —-1|
Multiple Case Runs /

Decimal Data

/
///

Title Card

== = TN

/
'VARIABLE CASE DATA —(/

—J

I

/ 200 Fluid Conductivity, Btu/hr R vs. T, R

/ 300 Fluid Density Lb/cu ft vs. T, R /

1.0C 100 Visc (centipoise) vs. T, R

/
/]

INPUT DECIMAL DATA

/ //
/
R

:
I

/

3

—

(_

| PERMANENT HOLLERITH DATA

—

o e

Example of
Table Format
LOC

/

V -y 100 Number of Pairs
of x, y
101 %1 =

102 y1

Temp R
Visc

]

Main Program & Subroutines X

n
y

COMPOSITE DECK

n

When using a constant
instead of a curve
enter in first

Fig. A-2

location of Table as a
negative

100 -~ViIScC

Composite Deck Setup Program 4-1



c

1001
1002

1000

1235

2500

- 1900

80
3001

A-9

PROGRAM NOs 41

DIMENSION A(3)sB(3)»C(3),TW(E) »FG(6)»Y2(6) e TITLE(16)

DIMENSION F1(216),F2(12) )F3(24) eF4(96) oFS(144)2F6(12)»F7(12)
VFB8(14)sF9(12)

EQUIVALENCE (DA(1),DO) 2 (DAC2)2DI)» (DAL +ENT) » (DACL) »WDOT) »
V(DA(S) rELH) » (DAC6) v FINTH) » (DA(T) o FINTC) ¢ (DA(B) ¢ RHOFM) »

V(DA(9) yRHOTM) » (DA(11) PFNK) » (DAC12) +CP)»

VIDACLL) »HA) » (DAC15) +HB) » (DA(16) v TAA) » (DA(17) »TAB) » (DA(18) 1+ ALPHAA) »
VIDAC(19) s ALPHAB) » (DA(20) »EPSA) » (DA(21) ¢EPSB) » {DA(22) sEPSX) »
VIDAC23) 2Fa) o (DAC24) o FAX) o (DA(25) vFB) » (DA (26) vFBX) » (DA(27) »RHOM) ¢
V(DA(28) »RHOX) » (DA (29) » THETAP) » (DA(30) » THETAM) » (DA(31) » THETAX) »
VIDA(32) » TM) o (DA(33) » TX) o (DAC(34) vEPSM) ¢ (DA(37)»SC) e (DA(38) yBIGE) »
V(DA(39) oFMESH) » (DAC40) eP) » (DALY41) yCKH)

COMMON DA(400)»T(B) s TBr TSI ACH!RE» Vo WDOTD»AD»RHO»REAV,RHOAVeELWY
V VAVeDPeFH*FAH! ZETAP*C3yDZ1'DELTAR/RE2¢TSTAR

READ EFF CURVE FIT -

READ 1001, CACI)2I=1+3)0(B(I)2I=103)r(C(I)rI=1:3)
FORMAT (3F1240)
PRINT 1002¢A¢EsC

FORMAT (14H1EFF CURVE FIT/1iHO3E12.5/1H 3E12.5/71H 3E12.5)
READ PERMANENT DATA (FORMAT STATEMENTS)

READ 1000sF1eF2¢F3sFUIFS)FEsFToFB»F9
FORMAT(12A6)

READ MATERIALS PROPERTIES

CALL LECRD (Da)
PRINT FLUID PROPERTIES

K=100

PRINT 1235

FORMAT (9611 FLUID PROPERTIES (=) = CONSTANT» TABLE FORMAT
VE NO PTS» X1rYlr==XNe¢YNs» X = TEMP (R) /73X
V 90HLOC 100 = FLUID VISC, CENTIPOISE, 200 = FLUID KsBTU/HR FT Ry 3
VOO0 = FLUID DENSITY» LB/CU FT /)

DO 1900 KKK=1+,3

K8ZDA (K)

K9=K+2%K8

PRINT 2500+ (K1¢DA(K1) rK1=KrK93)
FORMAT(3XIS1F13:.6+1I8¢/F13.6018¢F13,6011I89F13.6018/F13.6)
SK+100
CONTINUE
READ VARIABLE DECIMAL DATA
READ 3001,TITLE
FORMAT (16AS5)
CALL LECRpD (Da)
PI=3.1415926
AD=PI*DI*x2/4,
WOOTU=WDOT/ENT
DELTAR=FINTC/FINTH
HT=HA+HB
HATSHA*TAA+HB*TAB
ELC=PI*D0/2¢=FINTH
TF1=DA(13)
AA=Q,
8B=0.
cCc=0,
FM=Q,
Fig. A-3 Program 4-1 Listing
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3002

A~10
BP=0,
C3MID=0.
ZETAPM=0.
FHMID=0,
FAHMID=0.,
ELEMID=0.
PRINT 3002¢TITLE
FORMAT (iH1le16A5///)
PRINT Fle(JrDACJ)» J=1r41)
Cl=,1713E-8%x(EPSA+EPSE)
C2= SC x(ALPHAA*COS(THETAP*.01745329) +FA*ALPHAA®XRHOM*COS ( THETAM*%

Ve01745329) +FAX*ALPHAA¥RHOX*COS (THETAX*.01745329) +FB*ALPHABR*RHOM
V*COS (THETAM*.01745329) +FBX*ALPHAB*RHOX*COS (THETAX*+01745329) ) +
VEPSM&TM*¥4% ¢ 1713E=8% (FAXEPSA+FBXEPSB) +EPSX*TX#*4% 1 T13E=8% (FAX*
VEPSA+FBX*EPSE) +. 01 % (EPSA+EPSB)

lol
102

103
104
105
106
107
108

109

115
120
121

125

126
128

127

COMPUTE ENVIRONMENTAL TEMPERATURE
IF(C1)101,103,101

IF(HA) 104,102,104
TE=SQRT(S@RT(C2/C1))

60 TO 109

TE=HAT/HT

60 TO 109

LCi=0

TE= 5% (SQRT(SGRT(C2/C1) ) +HAT/HT)
LCi=LC1+1

IF(LC1-25)107,107,106

PRINT F2:TE

60 To 80

FESC1*TE*x4=C2+HAx (TE=TAA)+HBx(TE~-TARB)
IF(ABS(FE)=.001)109,109,108
DFEDTE=4 ¢ xC1*TE*%x3+HT
TE=TE=-FE/DFEDTE

60 TO 105

COMPUTE APPROXIMATE INLET WALL TEMPERATURE
TWISTFl=2*%(TF1-TE)

PERIM=PI*DI

LC2=0

LC2=LCce+1

IF(LC2=-25)121,121,120

PRINT F3¢TW1r2ETAP1+,C31,FH1oFAH1
60 TO 80

C31=C2/(C1*TW1%x4)
ZETAPL=CL*TWlx*xIkELH**2/ (FNKXFINTH)
FHIS(ELH*%2%HT) 7/ (FNKXFINTH)

FAH1Z (ELH%*2*HAT) / (FNKXFINTH*TW1)
IF(ZETAPL=100,)1260125r125

NAZ3

60 To 127

IF(ZETAP1)128,127,128
NA=2.+ALOG10(ZETAPL)

IF(NA.LT.1) NA=1

EFR1=(1+=C31)x (ZETAPL1*(ZETAP1*A(NA)+B(NA))+C(NA))
EFCI=TANH(FH1x*.5) /FHl%*x%x,5
DZDW1==ZETAP1*EFR1~(FH1=~FAH1)*EFC1
FH=FH1

FAH=FAHL

ZETAP=ZETAP1

C3=C31
ELELS(=~ELH*DZDW1) 7 (2ETAP1%(1.~C31)+FH-FAH)

Fig. A-3 Program 4~1 Listing (cont.)
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TB=TF1

TS=Twl
RHO=ENTERP(TF1+DA(300))
RHO1=RHO

CALL AICH

ACH1=ACH

RE1=RE

vVizy
YSCL1*TWl*k4=C24+TWL1*HT=HAT
FE=2 . xY*ELE14DO*(C1#TWikk4=C2) +ELC* (HT*TW1~HAT) =PERIM*ACH1 *
VITF1=TW1)
IF(ABS(FE)=.001)150¢150,140

140 DFEDTWS=(4o*CLkTW1k*3+HT) %2 o *¥ELEL1+4 o *C1 DO TW1kX3+ELCHHT+ACHL*PERI!
TWi=Twl-FE/DFEDTW
GO TO 115

COMPUTE EFFECTIVE LENGTH

150 T(5)=pzDw1
CALL ENTGRT
DZDW1=DZzZ1
ELEL1=(=~ELH*DZDW1) /(ZETAP1%(1.=C31) +FH~FAH)

COMPUTE OUTLET END CONDITIONS
TFEND=TF1-BIGE*(TF1~TE)
TWEND=TFEND=(TF1~TW1)

FW=.8
IF(ABS(TF1=TWEND) =ABS(TF1~TE))162/,161¢161

161 TWEND=TFEND+Fwx(TE=TFEND)

162 C3END=C2/ (C1*TWEND**4)
ZETAPE=CL*TWEND**3*ELH*%2/ (FNK*FINTH)
FHEND= (ELH**x2%HT) / (FNK*F INTH)

FAHEND= (ELH**2%HAT) / {FNK*FINTH*TWEND)
IF(ZETAPE~100,) 181,180,180

180 NA=3
GO TO 183

181 IF(ZETAPE) 184,183,184

184 NA=2,+ALOG10(ZETAPE)

IF(NACLTe1) NA=L

183 EFREND=(1.=C3END)*(ZETAPE*(ZETAPExA (NA)+B(NA))+C(NA))
EFCEND=TANH(FHEND%*¢5) /FHEND** 5
DZDWE==ZETAPEXEFREND= (FHEND=FAHEND ) *EF CEND
IF(((DZDOW1+DZDWE) /DZDW1)~1,2190,1900192

190 FWSFw=~.1
IF(FW.EQ+Qe) GO To 191
GO To 161

191 PRINT F9
G0 TO 80

192 T(5)= DZDWE .

ZETAP=ZETAPE

C3=C3END

FH=FHEND

FAH=F AHEND

CALL ENTGRT

DZDWE=DZ1
ELEEND=(~ELH*DZDWE) / (ZETAPE* (1 +=~C3END) +FHEND=FAHEND)
IF (ABS((ELEEND=ELE1)7ELE1)=.10) 200,200,201

200 FM=(ELEEND=ELE1)/ (TWEND=TW1)
BP=ELE1=FM*TW1
60 TO 325

201 TWMID=¢5*%(TWEND+TwW1)

C3MIN=C2/ (CL¥*TWMID*%4)

Fig. A-3 Program Listing (cont.)
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ZETAPMECLxTUMID**3%ELH*%2/ (FNK*F INTH)
FHMID=(ELH**2xHT) / (FNK*FINTH)
FAHMID=(ELH*x*2%HAT) /7 (FNKxF INTH*TWMID)
IF(ZETAPM=100,)301,300¢300
300 NA=3
G0 To 303
301 IF(ZETAPM) 304,303,304
304 NA=2.+ALOGLO(ZETAPM)
IFINALT.1) NA=1
303 EFRMID-(I.'C3MID)*(ZETAPM*(ZETAPM*A(NA)+B(NA))+C(NA))
EFCMID=TANH(FHMID%*¢5) /FHMID** .5
DZDWM==ZETAPM*EFRMID= (FHMID=FAHMID) *EFCMID
T(5)=p2DwM
ZETAPZZETAPM
C3=C3MID
FH=EFHMID
FAH=FAHMID
CALL ENTGRT
DZDwM=D2Z1
ELEMID=(=ELH*DZDWM) / (ZETAPM* (1 ¢=C3MID) +FHMID=FAHMID)
ZZ1=(ELEL1-ELEMID) /7 (TWl=TWMID)
2Z2=(ELEMID=ELEEND) /7 (TWMID=TWEND)
AA=(2Z1=222)/ (TWi~TWEND)
BB=2Z21=AAx (TW1+TWMID)
CCZELE1=AAXTW1**2=BR*TW1
COMPUTE ENTRANCE WaLL TERMPERATURE
325 IF ((TF1=TE).LT«0,0) GO TO 310
XH=TE
TW(L)=TF1
60 TOo 320
310 XH=TF1
TW(1)=TE
320 LC3=0
YI=ClaeXH%xlb=C2+XHxHT=HAT
321 LC3=LC3+1
IF (LC3=25) 32203229323
323 PRINT 6000¢TW1,TS
6000 FORMAT (//3X5HTW1 =E15.8/3X6HTS SE15.8/3X17HTW1 NOT CONVERGED )
60 TO 8¢
322 TS=TW(l)
CALL AICH
H=ACH
FWHS2 ¢ kY 1k { XHx (XH%AA+BB) +CCHFMAXH+BP ) +DO* (C L%k XH¥%4~C2 ) +ELCR (HT*
V XH=HAT) =(H*PERIM) *(TF1~=xH)
L=0
20 DO 10 K=2,4
L=l+1
YatK-l)—Cl*Tu(K-l)**4~C2+TW(K-1)*HT-HAT
FO(K=1)=2,%Y2(K=1)*(TW(K=1)*(TW(K=1) *AA+BB) +CC+FMxTW (K=1) +BP) +D0O*
V (C1*TW(K=l)*%4=C2) + ELCX(HT*TW(K=1)=HAT)=(H*®PERIM) *(TF1~Tw(K=1))
10 TWIK)IS(XH*FG(K=1) =TW(K=1)%FWH) /(FG(K=1)=FWH)
IF (L.LT«20) GO TO 25
PRINT 500 TW L) e TW(2) e TW(3)»TW(L) ,FWHIFG(1)eFG(2)FGI(3)

50 FORMAT(//3XTHTW(1) = E15,8/3X7THTW(2) = E15.8/3X7THTW(3) = F15.8/
V 3XTHTW(4) = E15.8/3X5HFWH = E15.8/3XTHFG(1) = E15.8/3XTHFG(2) =
VS$15.8/3X7HFG(3) = E15.8/3X21HTWALL CONVERGE FAILED )

oP
25 IF (ABS(TW(3)=TW(4))=e5) 30030,27

27 TW(L)=TwW(y)
Fig. A-3 Program Listing (cont.)
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GO TQ 20 .
30 TW(L)=TW(2)=(TW(3)=TW(2) ) %%k2/(TW(L)+TW(2)=2.%TW(3))
IF (ABS(TS=TW(1))=e2) 330,330,321
330 ACH1=ACH
TWi=Tw(1)
DELT=(Twl=TWEND) /FMESH
ELEL=TWI*(TWilxAA+BB+FM) + CC + BP
NCOUNT=FMESH
QSUM=0,
DPSUM=0,
ELWSUM=0.
WLSUM=0.
DO 500 J=1 9 NCOUNT
ACH2=ACH1
TW2=Twl=DELT
ELE2=TwW2* (TW2xAA+BB+FM) + CC + BP
YTSCL&TW2xk4=C2+Ty2xHT=HAT
Qg=(2.*YT)*ELE2 + DO*(CilxTW2**4=C2) + ELCRk(HT®*TW2~HAT)
LCu=g
335 LC4=LCh+l
IF(LC4=25)337,337,336
336 PRINT F8¢TF2'RE2PIREZ
GO0 To 80
337 TF2P=TF2
RE2P=RE2
TF2=Tw2+Qs/ (ACH2*pERIM)
TB=TF2
TS=Tw2
RHO=ENTERP(TF2+,DA(300))
RHO2=RHO
CALL AICH
ACH2=ACH
RE2=KE
vé=v
IF(ABS(TF2P=TF2)=,25) 340,340,335
340 HAV=5%(ACHL1+ACH2)
REAV=.5%(RE1+RE2)
VAV=,.5%(V1i+V2)
RHOAV= 5% (RHO1+RHQR2)
ABC=(TF1=-TW1)=(TF2=TW2)
IF (ABS(ABC)=5,0) 400r4000401
400 DELTM=(TF1~Twi+TF2=TW2)/2,0
60 TO 402
401 DELTM=ABC/ALOG((TF1-TW1)/(TF2=TW2))
402 Q=WDOTOD*CP*(TF1-TF2)
ELW=a/ (HAV*PERIM*DELTM)
ELWSUMSELWSUM+ELW
QSUM=QSUM+Q*ENT
CALL PRDP
DPSUM=DPSUM+DP
WLERHOAV*PIXDI%%2 /4 o ¥EL W
WLSUMZWLSUM+WL
PRINT FGeJrTF1oTF29TW1leTW2rELELSELE2+ACHL ) ACH2HAVYREAVVAVIELW,
V DPr@sRHOAV WL
TF1=TF2
TW1=Tw2
ACH1=ACH2
RE1=RE2

vizve
Fig. A-3 Program Listing (cont.)
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RHO1=RHO2
ELE1=ELER2
500 CONTINUE

WD (PI*RHOTM*ELWSUM* (DOXx2=DI1%%2)) /4,
WF=(RHOFM*ELH*ELWSUM*FINTH* (1« +DELTAR)) /2,
WTS(WLH+WD+2 ¢ ¥*WF ) *ENT

AP=(DO+2 . *ELH) *ELWSUM*ENT

PRINT FS5eC319C3MIDIC3END ZETAPL»ZETAPMr ZETAPE»FH1/FHMID»FHEND»
VFAH1»FAHMID e FAHEND
VELEL1+ELEMIDeELEEND + WLSUM» WD e WF o WT» TE» ELWSUM» DPSUM» QSUM» AP C10C2
60 TO 80

END

Note: See following page for permanent Hollerith Listing.

Fig. A-3 Program 4-1 Listing (cont.)
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41199999 ,00533150 « 00002362
=~.87831999 =,09625650 ~-.00406435

1.00000000 .6246049 023347166
(11H INPUT DATA//19/F15,5022H OUTSIDE DIAMETER (FT)/I9¢F15.5¢,21H INSIDE
DIAMETER (FT)/I9rF15.5¢13H NO, OF TUBES/I19+F15.5+21H WEIGHT FLOwW (LBS/HR
1/19¢F15.5016H FIN LENGTH (FT)/I9¢/F15.5,27H FIN THICKNESS AT ROOT (FT)/
I9/F15:5¢31H FIN THICKNESS AT FAR EDGE (FT)/I9¢F15.5+36H DENSITY OF FIN
MATERIAL (LBS/CU FT)/1I9,F15.5,37H DENSITY OF TUBE MATERIAL (LBS/CU FT)/
I9+F15+599H NOT USED /I9erF1l55¢32H THERM COND OF FIN (BTU/FT HR R)/I9.F1
5¢5¢32H SPECIFIC HEAT OF FLD (BTU/LB R)/I9eF15.5» 27H FLUID TEMP AT ENT

RANCE (R)/19¢F15¢5¢52H HEAT TRANSFER COEFFICIENT SIDE A (HA» BTU/HR S@ F
T)/19¢/F15.5¢52H HEAT TRANSFER COEFFICIENT SIDE B (HBs BTU/HR SG FT)/19»
F15.5024H AMBIENT TEMP SIDE A (R)/I19+F15.5,24H AMBIENT TEMP SIDE B (R)/
19¢F15.597H ALPHAAZ/I99F15.5'7H ALPHAB/I9,F15,5¢5H EPSA/I9¢F15.5:5H EPSB/
19¢F15.5¢5H EPSX/I9¢F15,5¢3H FA/IO9'F15.5¢4H FAX/I9?F15¢5¢3H FB/T19¢F15.5¢
4H FBX/19¢F15,5¢5H RHOM/I9¢F15,5¢5H RHOX/I9»F15.5013H THETAP (DEG)/19,
F15.5¢13H THETAM (DEG)/I9¢F15.5:s13H THETAX (DEG)/I9+F15.5¢7H TM (R)/
I9/F15e5¢7H TX (R)/I9¢F15¢5/5H EPSM/I9vF15.5¢16H ITERATION LIMIT/IO»
F15.5925H NO« OF INTEGRATION STEPS/I9/F15.5¢30H SOLAR CONSTANT (BTU/HR S
Q@ FT)/I9¢F15¢5929H HEAT EXCHANGER EFFECTIVENESS/I9¢F15.5¢19H NO. OF SUBS
ECTIONS/I9¢F15.5¢21H PRESSURE (LLBS/SQ FT)/19¢F15.5¢12H NUSSELT NO.)
(/34HOENVIRON TEMP CONVERGe FAILED. TE=E12,5)
(41HOINITIAL INLET wWALL TEMP CONVERGe FAILED./5H TWL=E12.5»7H ZETAP=
E12.504H C3zE12,.5r4H FHZE12¢5¢5H FAH=E12,5)
(12H1SECTION NO,I3//6HOINLET»12Xe7H OUTLET/E12.5¢6X0E12.5¢15H FLUID TEMP
(R)ZE12.5¢6XsE12.5¢14H WALL TEMP (R)/E12.5¢6X+E12.5¢23H FIN EFFECT LENG
TH (FT) /E12.5¢6X¢E12:5,43H HEAT TRANSFER COEFFICIENT (BTU/HR FT SQ R) /
/ /18XrE12.5947H HEAT TRANSFER COEFFI
CIENT AVG (BTU/HR FT SQ R)Z18XsE12.5217H REYNOLDS NOe AVG/18XeE12.5¢22H
VELOCITY AVG (FT/SEC)/18X»E12.5920H SECTION LENGTH (FT)/18X+E12.5+28H PR
ESSURE CHANGE (LBS/SG FT)/18XeE12.5028H HEAT TRANSFER (BTU/HR TUBE)/18X»
E12,5¢18H FLUID DENSITY AVG/18XsE12.5919H WT OF LIQUID (LBS))
(18H1FINAL OUTPUT DATA//6HOINLET 12X»9H MIDPOINT» 9Xe7H OUTLET/E12.5¢6X?
E12596X0E12e5919H ENVIRON PARAM (C3)/E12.5¢6X0E12.506XrEL2e5012H PROFIL
E NOe/EL12:516XeEL12.506X0EL12e¢5r22H CONVECTIVE PARAM (FH)/E12.536X9EL2e59
6XrE12.5023H CONVECTIVE PARAM (FAH)/E12.506XeE12.516X0E12e5¢23H FIN EFFE
CT LENGTH (FT)//
18X0E12+5¢23H TOT WT OF LIQUID (LBS)/18X+E12.5r21H WEIGHT OF DUCT (LBS)/
18XrEL12+5¢21H WEIGHT OF FINS (LBS)/18XeE12.5019H TOTAL WEIGHT (LBS)/
18XrE12e5017H ENVIRON TEMP (R)/18X¢E12.5¢18H TOTAL LENGTH (FT)/18X¢E12.5
v32H TOTAL PRESSURE DROP (LBS/s@ FT)/18X1E12.5¢29H TOTAL HEAT TRANSFER (
BTU/HR)/18X+E12,5¢18H PLAN AREA (SQ FT)/
1gx;E12.5.2uH RADIATION CONSTANT (Cl)/18XrE12.5,24H RADIATION CONSTANT (
c2))
(44HOFINAL INLET WALL TEMP CONVERG. FAILED. TW1=E12.:5)
(/38HOINTEGRATION CONVERGENCE FAILEDs DZ1A=E12.5:5H DZ1=E12.5)
(/3?2 gbglo TEMP CONVERGENCE FAILED. TF2=E12.5¢5X»5HRE2P=E12.5¢5Xs5HRE2=
£El2e.
(/42HOHEAT EXCHANGER EFFECTIVENESS IS T0O LARGE)

Note: This Hollerith Listing follows Subroutine Listings. See Fig. A-2.

Fig. A-3 Program 4-1 Listing (cont.)
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" SUBROUTINE AICH

410

500

EQUIVALENCE (DA(1),DO) s (DA(2)¢DI), (DAC12)+CP) v (DAC4L) »CKH)
COMMON DA (400)»T(5) ¢ TBeTS»ACH?RE»VsWDOTD?»AD?RHO¢REAVIRHOAVIELW?
V VAVIDPoFH!FAH?ZETAP?C39DZ1DELTAR'RE2¢TSTAR

VEWDOTD/ (RHO*AD*3600.)

VISC=ENTERP(TB»DA(100))%2,4190297

REN=WDOTD*DI/AD

RE=REN/VISC

IF (RE=2000.) 410,410¢500

FLK=ENTERP(TB/,DA(200))

ACH=CKH*FLK/DI

RETURN

VISC=ENTERP(TS»DA(100) )%2,4190297

FLK=ENTERP(TS/,DA(200))

PRN=CP*VISC/FLK

TSTARZTB=( ( ¢ L¥PRN+U40 ¢ ) X (TB=TS) 7 ({PRN*+72,.))
VISC=ENTERP(TSTAR,DA(100))*2.4190297

RE=REN/VISC

ACH= (CP*WDOTD*( + 0384 *RE*%(=025) ) )/ (AD*(1e+1 . S#PRN** (=, 16667 ) *
VRE*% (=,125) % (PRN=1,.)))

RETURN

END

Fig. A-4  Subroutine AICH for Program 4-2
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- SUBROUTINE PRDP

EQUIVALENCE (pA(2).DI)

COMMON DA(400) o T(5) 9 TByTSe+ACHYRE s Ve WDOTDeADRHO/REAV/RHOAVELW
V VAVIUPeFH!FAHP ZETAPC3,DZ1DELTAR

RE=REAV
FFL=64./RE
FFT=.0055%(1e+(s1/DI*1.E6/RE) **,3333)
IF (REAV=2000.)2500+2500+2600

2500 FF=FFL
60 TO 2900

2600 IF(REAV=3500.)2700¢270052800

2700 FF=e5%(FFL+FFT)
60 TO 2900

28600 FF=FFT

2900 DP=RHOAV*VAV*%2*FE*ELW/ (DI*64+34)
RETURN
END

Fig. A-5 Subroutine PRDP
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SUBROUTINE ENTGRT

DIMENSION CM(5)¢FO(S)

COMMON DA(400) ¢ T(5) »TBeTSoACH!RE»V o+ WLOTD» AD?RHOPREAVIRHOAVELWY
V VAVsDPeFHPFAH! ZETAPC39,DZ1vDELTAR

D2Z(T2sTUs TSI (TS%(1e=DELTAR) +ZETAP* (THx*4=C3) +FH*TU=FAH) /
V(le=T2%(1,=~DELTAR))

ITER = 0
ITLT=pA(35)
150=0
ISwW=g
DZ0=0,
DZwW=(0,
DZ1A=T(5)
1050 WILT = S00.
T(4) = 1,

IF(DA(36))1061+1060¢1061
1060 DA(3p)=25,
1061 T(3)=1./DA(36)
T(Z) = Q.
MESH=DA (3¢)
DZ1=T(5)
ITERZITER+1
IF (ITLT = ITER) 1125r113091130
1125 PRINT 1500¢DZ1A¢D21
1500 FORMAT(38HOINTEGRATION CONVERGENCE FAILED., DZIA=E12.518H nzi=
V Ei2.5)
RETURN
1130 DO 1390 =1,MESH
FO(2)=0.
FOL{3)=T(3)/2»
FOLR)=T(3)/2,
FO(S)=T(3)
CM(1)=0.
Do 2 =245
CMOI)=D2Z(T(2)+FO(I) e TLY)+FO(I)%T(5) » T(B)+FO(I)%CM(I=1))
2 CONTINUE
T(2I=T(2)+T(3)
DTG =T(3)/6x(CM(2)+CM(3)+CMIU) I kT (3)+T(3)*T(5)
T4)=T(4)+DTH
DTS5 =T(3)/6:%(CM(2)+2e%CM(3)+2%¥CM(LI+CM(5))
T(5)=T(5)+DTH
1200 IF(ABS(DZl)+AbS(T(5))-ABS(021+T(5)))1250 125001205
1205 IF(ISW)122501235¢1225
1225 DZ20=pZ1
T(5)=,5%(DZ0+02ZW)
60 TO 1210

Fig. A-6 Subroutine ENTGRT
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1235 DZ20=D21
T(5)=1.,10%D21
IF(ISW)1210+1239/91210
1210 IF((ABS(DzZW)=ABS(DZ0))/ABS(T(5))=,0025)1400+»1400,1239
1239 1S0=1
, IF(ITLT=ITER) 1125+1125,1050
Cxxx* TEST FOR wILT
- 1250 IF (ABS (wWILT)=ABs (T(5))) 1260, 1380,1380
1260 IF(1S0)1278,1277+1278
1277 T(5)=,90%p21
DZw=Dz1
60 T0 1265
1278 DZwW=Dz1
T(S)=,5%(DZ0+N2ZW)
1265VIF((ABS(DZW)-ABS(DZO))/Aas(T(S))-.0025)1400»1400:1270
1270 ISw=1

IF(ITLT=-ITER) 1125112591050
1380 wWiILT = T(5)
11390 CONTINUE

GO T0 1260
1400 RETURN

END

Fig. A-6 Subroutine ENTGRT (cont.)
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START

READ
FORMAT
STATEMENTS

R
MATERTIALS
PROPERTIES

(DECRD

READ
VARIABLE

]

COMPUTE
CONSTANTS

T
ENTER DUCT

VALUES
1
ENTER FIN
VALUES
1
PRINT
INPUT
DATA

\/

COMPUTE DUCT
CONSTANTS

1
COMPUTE FIN
CONSTANTS &
ILE CURVE FITS
FACTORS

1
ADD FIN
VALUES
. 1
COMBINE DUCT
& FIN VALUES
FOR CONSTANTS

i
COMPUTE
ENVIRON TEMP

Fig. A-7 Program 4-2 Flow Diagram
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COMPUTE
DENSITY
AT ENTRANCE
(ENTERD)

COMPUTE
DENSITY AT

SET: XH=TFEND
TW=TE

|

SET: XH = TE
W (1)=TF1
SET: XH=TF1
W (1) =TE
i
INCREMENT
LOOP
A COUNTER
PRINT
vEs| FATLURE
COUNTER>2572 MESSAGE

| SET:

=TE

TW=TFEND

2 1

Fig. A-7

Program 4-2

Flow Diagram (cont.)
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INCREMENT
3> LOOP COUNTER

PRINT
FATLURE
MESSAGE

COEFFICIENT
(AICH)

COMPUTE

EXIT WALL
TEMP

(TWALL)

COMPUTE
DELT

INITIALIZE
DUCT SECTION
LOOP
COMPUTE
W2
I

INCREMENT
LOOP COUNTER

9 g

PRINT
FAILURE
MESSAGE

TF2

Fig. A-7 Program 4-2 TFlow Diagram (cont.)
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COMPUTE
DENSITY
(ENTERP)

COEFFICIENT
(AICH)

COMPUTE :
AVERAGE
ABC
e ————— Y ES
COMPUTE
ARITHMETIC ABC SMALL?Y
DELTM
A NO
COMPUTE :
LOG
DELTM
—1
COMPUTE :
TOTAL HEAT
TRANSFER
SECTION LENGTH

COMPUTE
PRESSURE
CHANGE
(PRDP)

PRINT
SECTION

DATA

SET NEW

INLET VALUES

FOR NEXT
SECTION

\

Fig. A-7 Proeram 4-2 Flow Naioram (rant N
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/ Yy -

Decimal Data Change |
Variable Case / it e /}
Decimal Data / Case "N" Title Card -{

R _ t —
%quliﬁsn(l) £ | CASE 2 DECIMAL DATA '/
Lzstoc;;ld ofo | CASE 2 TITLE CARD J
Every Case / —
Last Card of // Multiple Case Runs /'
Mater1a% Decimal Data / )
Properties
Data Requires

A (-) in

/
// Title Card /
Column 1 gi‘ __/)
|

VARIABLE CASE DATA

_ _J

/ 600 Fluid Conductivity Btu/hr ft R Vs. T, R)l

500 Fluid Visc (centipoise) vs. T, R /)
// LOC 400 Fluid Density Lb/cu ft vs. T, R /
l INPUT DECIMAL DATA i/
— - — A
/ /!
I - '( I Example of
|l Table Format
| PERMANENT HOLLERITH DATA ! LOC
= _y 400 Number of Pairs
of X, ¥y

401 x, = Temp R
402 y, = Density
Main Program & Subroutines X

Yn

n

When using a Constant
instead of a curve
enter in first
location of Table as a
negative

COMPOSITE DECK

400 ~-RHO

Fig. A-8 Composite Deck Setup Program 4-2
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C PROGRAM NO. 4=2

DIMENSION F1(24)»r2(24) »F3(24) 1rFU(96) v F5(24) 9»F6(2U4) ¢ F7(12)9F8(12)
VFS(24) sF10(12) »vF1l1(24)vF12(12) vF13(24) vF14(24) vF15(12)¢F16(12)
VF17(12)sF18(12)¢F19(12)»F20(12)vF21(12),F22(24)sF23(96)F24(48)

DIMENSION TW(S) »Fu(S) s TITLE(16)

DIMENSION DA(700) )SR(6)95C(6)9C1ID(6)9C2D(6) rHD(B) ¢ TA(6)9C1(10)»
VC2(10)rHA(10) yHB(10) »TAA(10) v TAB(10)sELE(10) fELEF(L10)vELES(10)
VIWF(10) »TWS(10)¢vG2(10)+G3(10)EM(10)+B(10)+sELEAV(10)

EQUIVALENCE (DA(7)+DO)r (DA(8) »WDOT) » (DA(9) + WALTH) » (DAC10) »ENT) »
VIDACLL) »CPY v (DACL12) v TF1) » (DACL3) » TFEND) v (DAC14) o FMESH) »
VIDA(15) o CKH)

COMMON DA»REAVIRHOAV VAV ELWIWDOTD RHO»ADIREYACH  TB»TS»VeDPePI DI

COMMON TwaL»Tw ' CKOrCK1rCKR2eCKG4»CKBrHPERIM XHeRE2,TSTAR

o READ FORMAT STATEMENTS

READ 19F1eF2rF3eFusFODrFHRIFTrFBeF9)F10¢F11¢F12¢F139F14+F15¢F16»

VFL17+F189F19:F20+F219F22,F23¢F24
1 FORMAT (12A6)

c READ MATERIALS PROPERTIES
CALL DECRD (Da)
c PRINT FLUID PROPERTIES
K=400
PRINT 2300
2300 FORMAT(96H1 FLUIpD PROPERTIES (=) = CONSTANT» TABLE FORMAT
V= NO PTSe XirY1lr==XNrYN» = TEMP (R) /73X

V 90HLOC 400 = FLUID DENSITYLB/CU FT» 500 = FLUID VISCy CENTIPOISE

Ve 600 = FLUID KeBTU/HR FT R /7 )

DO 2900 KKK=1+3

K8=DA(K)

KOz=K+2%K8

PRINT 25000 (K1rDA(K1) rK1=KrK9I)
2500 FORMAT(3XI5sF13:¢6,18¢/F13.,62189/F13,6018/F13:.6018/F13.46)

K=K+100
2900 CONTINUE

5 READ 2400,TITLE
2400 FORMAT (16A5)
CALL DECRD (DA)

PI=3.,1415926
IF(DA(3))10,15910

10 PERIM=DA(3)
AD=DA(4)
GO TO 20

15 DI=DA(S5)
AD=PI*DI*x2/4,
PERIM=PI*DI
60 T0 30

20 DI=4.xAD/PERIM

30 wWDOTL=WDOT/ENT

c ENTER DUCT VALUES

ND=DA(1)
NP=20
DO 100 1I=1.ND
SR(I)=DA(NP)
SC(I)=DA(NP+1)
CiD(I)=DA(NP+2)

Fig. A-9 Program 4-2 Listing
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C2D(I1)=DA(NP+3)
HD(I)=DA(NP+4)
TA(I)=DA(NP+5)

100 NP=NP+10
ENTER FIN VALUES
NF=DA(2)

N=80

DO 200 L=1eNF
ci(L)=pAa(n)
C2(L)=DA(NT1)
HA(L)=DA(N*+2)
HB(L)=DA(N+3)
TAACL)=DA (N+4)
TAB(L)=DA(N+5)
ELEF(L)=DA(N+T)
ELES(L)=DA(N+8)
TWF (L) =DA(N+9)
TWS(L)=DA(N+10)

200 N=N+20

PRINT 2600°TITLE

2600 FORMAT (1H1r16A5///)
PRINT Fu4r (JeDA(J) pJ=1r15)
PRINT F5¢ (KeSR(K)»K=1+ND)
PRINT F6r (KeSC(K) »K=12ND)
PRINT F7¢e(KeC1D(K)sK=12ND)
PRINT F8¢ (KeC2D(K) s K=1¢ND)
PRINT F9r (KoHD(K) pK=1¢ND)
PRINT F10y» (KeTA(K) 2K=1¢ND)
PRINT F11,{(KeC1(K)K=1/NF)
PRINT F12»(KeC2(K) PK=1¢NF)
PRINT F13» (KeHAC(K) 1 K=1¢NF)
PRINT F14» (KeHB(K) rK=1¢NF)
PRINT F195» (Ke TAA(K) ¢ K=1NF)
PRINT F16¢ (Ko TAB(K) s K=1»NF)
PRINT F17¢ (KeK=1/NF)
PRINT F18s (KeELEF (K) tK=1)NF)
PRINT F19¢ (KeELES(K) *K=1,NF)
PRINT F20» (KyTWF(K) 2 K=1»NF)
PRINT F21s (KeTWS(K) rK=1/NF)
6D1=0,
6D2=0.
6D3=0,
DO 300 1I=1.ND
6D1=GD1+SR(I)*C1D(I)
GD2=6p2+SCc(I)xHD(1)

300 GD3=GD3+(SR(I)*C2D(I)+SC(I)*HD(I)=TA(I))
DO 400 L=1sNF
G2¢L)Y=HA(L)+HB (L)
G3(L)=ZHA(L)Y xTAA(L)+HB(L) *TAB(L)+C2(L)
EM(L)=(ELEF(L)=ELES(L)) / (TWF(L)=TWS(L))

400 B(L)=ELES(L)=eM(L)*TWS(L)
SUMO=g.,

SUM1=0.

SUM2=0.

SUM4=g.

SUMS=Q.

DO 500 L=1+NF
SUMO=SUMO+GI(L ) *B (L)
SUM1=SUM1+ (G2 (L) *B(L)=G3(L)*EM(L))

Fié. A-9 Proéram 4-2 Listing (cont.)



500

600
640

651
652

1001

1002
1020
lo21
1030
1041

1003

1004

1006
1007

6000
1107

1008

A=-28
SUM2=sUM2+6G2 (L) *EM(L)
SUMAZSUMY+CL (L) *B (L)
SUMS=SUMS+C1 (L) *EMm(L)
CKO==(GD3+SUM0D)
CK1=602+SuMl
CK2=sum2
CK4=GD1+SuMY
CKS5=SUMS
CgMPUTE ENVIRONMENT TEMP
LC=0
TESTF1=1.2*%(TF1=TFEND)
LC=LC+1
IF (LC=25) 1001010019651
PRINT 652»TE
FORMAT (/32H INITILIZATION OF TE FAILED. TE=E12.8)
G0 T0 5 :
IF(ELE(1) 4EQe0+0) GO TO 1020
FE=C1(1)*TE**4+62(1)*TE-G3(1)
IF(ABS(FE)=.001)100301003,1002
DFEDTE=4.0*CL(1)*TEx*3+62(1)
60 TO 1030
FE=SR(1)*(CID(1)*TEx*4 «C2D(1))+SC(1)*HD(1)*(TE=TA(1))
IF(ABS(FE)=+001)1003901003,1021
DFEDTE=4.0*SR(1)*C1D(1)*TE *%*3+SC(1)*HD(1)
TE=TE~FE/DFEDTE
60 TOo 640
COMPUTE ENTRANCE wALL TEMmMP
RHO=ENTERP(TF1+,DA(400))
RHO1=RHO
TB=TF1
IF((TF1=TE) «LT.0.0) GO TO 1004
XH=TE
TW(L)=TF1
60 TO 1006
XH=TF1
TW(l)=TE
LC2=0
LC2=lLca+1
IF(LC2.LT.25) 6O TO 1107
PRINT 6000 TW1,TW1P
FORMAT(//3XSHTW1l =€158/3X6HTWIP =ZE15.8/3X17HTW1 NOT CONVERGED )
G0 TO0 5
TS=Tw (1)
TWIP=TW(1)
CALL AICH
H=ACH
CALL TwALL
TW(l)=TWAL
IF(ABS({TWiP=TwAL)=¢2)1008,100821007
RE1=RE
ACH1=ACH
viz=y
TW1=TwAL
COMPUTE EXIT wALL TEMP
RHO=ENTERP(TFEND»DA(400))
TB=TFEND
IF((TFEND-TE) L.T«0.0) GO TO 1009
XH=TE
TW(l)=TFEND
Fig A-9 Program 4-2 Listing (cont.)
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60 TO 1010
1009 XH=TFEND
TW(1)=TE
LC3=0
1010 TWENDP=TWAL
CALL TWALL
LC3=LCc3+1
IF(LC3.LT.25) 60 TO 7000
PRINT 8000 TWEND» TWENDP
8000 FORMAT(//3XTHTWEND =E15,8/3X7THTWENDP=E15.8//3X19HTWEND NOT CONVERG
VED)
GO TO 5
7000 TWEND=TWAL
TW{l)=TwAL
TS=TWEND
CALL AICH
H=ACH
IF(ABS (TWENDP~-TWEND)=¢2)10130,1013,1010
1013 DELT=(Twl=TWEND)/FMESH
MESH=FMESH
ELWSUM=0.
DPSUM=0,
QASUM=0+
WLSUM=0,
DO 2000 I=1.MESH
TW2=Twl - DELT
LCu=p
H=ACH1
1070 LC4=LCk+1
IF(LCY=25)1075+107501074
1074 PRINT F22,TF2PsTF2+REZPRE2
GO TO0 5
1075 TF2P=TF2
RE2P=RE2
TF2=TwWa2+ (1 e/ (H*PERIM) ) % (CKO+CKI*TW2+CK2xTW2%*2+CKUXTW2% %4+
VCKS*TW2%%*5)
TB=TF2
TS=Twe2
RHOZENTERP(TF2+,DA(400))
RHO2=RHO
CALL AICH
H=ACH
ACHZ=ACH
RE2=RE
vaz=v
IF(ABS(TF2P~TF2)~,25)1080,108001070
1080 HAV=,5*%({ACH1+ACH2)
ABCEZ(TF1=-TW1)=(TF2=TW2) ,
IF (ABRS(ABC)=5,0) 1400,140001500
1400 DELTM=(TF1=TWwi+TF2=TW2)/2,0
GO TO 1700
1500 DELTM=ABC/ALOG((TF1=TW1)/(TF2=Tw2))
1700 Q=WDOTD*CPp*(TF1=TF2)
ELw=Q/ (HAV*PERIM*DELTM)
ELWSUMSELWSUM+ELW
QSUM=QSUM+Q*ENT
REAV= 5% (RE1+RE2)
RHOAV= 5% (RHO1+RHQ2)
VAV= 5% (V1+V2)
Fig. A-9 Program 4-2 Listing (cont)
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CALL PRDP
DPSUM=DPSUM+DP
WLE=RHOAV*ADXE| W
WLSUM=WL SUM+WL
CPRINT F23»IsTFLsTF2oTW1l,TW22ACHL» ACH2/REL/RE29/VAVIELWIQsHAVIREAV Y
V RHOAV WL DP
TF1=TF2
TWI=Tw2
viz=vz
RE1=RE2
RHO1=RHO02
| ACH1=ACH2
2000 CONTINUE
PRINT F24,DPSUMeQSUMsWLSUMs TErELWSUM
GO TO 5
END

Note: See following page for permanent Hollerith Listing.

Fig. A-9 Program 4-2 Listing (cont)
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(28H ENVIRON TEMP CONVERG FAILED/4H TE=E12.,8¢5H CKO=E12.8¢5H CK1=E12.8¢
S5H CK2=El2.8¢5H CK4=E12,.8¢5H CK5=E12.8)

(34H ENTRANCE WALL TEMP CONVERG FAILED/S5H TW1=E12.8¢5H CKO=E12.8¢

5H CK1=E12.8¢5H CK2=E12,.8¢5H CKU=EL12.8¢/SH CK5=E12.8)

(30H EXIT WALL TEMP CONVERG FAILED/7H TWEND=E12.8¢5H CKO0=E12.8¢5H CKil=
E12.8¢5H CK2=E12+8¢5H4H CK4=E12.3,5H CKS5=E12,8)

(11H INPUT DATA/I19¢F15.8921H NO., OF DUCT SECTIONS/I9¢F15.8¢12H NOs OF FI
NS/19¢F15.8¢28H DUCT PERIMETER (FT) *OPTION/19¢F15.8+26H DUCT AREA (S@ F
T) *OPTION/I9¢F15.6¢32H EFFECTIVE DIAMETER (FT) *OPTION/I9¢'F15.8¢9H NOT
USED/19¢F15.8922H OUTSIDE DIAMETER (FT)/I9,F15.8926H TOTAL WEIGHT FLOW (
LB/HR)/19¢F15.8,20H WALL THICKNESS (FT)/I9sF15.8¢13H NO, OF DUCTS/I9»
F15.8¢34H SPECIFIC HEAT OF FLUID (BTU/LB R)/1I99F15.8¢27H FLUID TEMP AT E
NTRANCE (R)/I9¢/F15.8¢23H4 FLUID TEMP AT EXIT (R)/I9!F15.8¢19H NO. OF SUBS
ECTIONS/I9¢F15.8213H NUSSELTS NO.)

(/7/718H INPUT DUCT VALUES/ 4H SECSXr43H EFFECT PERIFERAL LENGTH FOR RA
DIATION (FT)/(I3¢7XsF15,8))

( ?? SEC5Xr44H EFFECT PERIFERAL LENGTH FOR CONVECTION (FT)/(13¢7X»
F15.8

( 4H SECS5Xr42H RADIATION CONSTANT Cl (BTU/HR SQ FT R¥%4)/(I3+s7XsEL15.8))
( bH SECS5Xe37H RADIATION CONSTANT C2 (BTU/HR SQ FT)/(I3+7XeF15.8))

( gT)SECSXOQBH CONVECTIVE HEAT TRANSFER COEFF (BTU/HR SQ FT R)/(13,7X
+F1S.

( 4H SECS5Xr17H AMBIENT TEMP (R)I/Z(I3¢r7XeF15,.8))

(17HLINPUT FIN VALUES/ 4H FINSXeH42H RADIATION CONSTANT C1 (BTU/HR S@
FT R**%4)/(13¢7XyE15,8))

( GH FINSXe37H RADIATION CONSTANT C2 (BTU/HR SQ FT)/(I13s7XeF15.8))

( GH FINSXe55H CONVECTIVE HEAT TRANSFER COEFF SIDE A (BTU/HR SQ@ FT R)
/(1327X*F15,8))

( 4H FINSX»55H CONVECTIVE HEAT TRANSFER COEFF SIDE B (BTU/HR S@ FT R)
/(I13¢7XeF15.8))

( 4H FINSXes24H AMBIENT TEMP SIDE A (R)/(13:7XeF15,8))

( 4H FINSXes24H AMBIENT TEMP SIDE B (R)/(I3,7XsF15.8))

(4H FINSXe10H NOT USED /(13))

( 4H FINSX»27H EFFECT LENGTH AT EXIT (FT)/(I3¢7X9F15.8))

( 8H FINSXr31H EFFECT LENGTH AT ENTRANCE (FT)/(I3¢7XsF15.8))

( 4H FINSX»27H DUCT wALL TEMP AT EXIT (R)/(I3¢7XsF15.8))

( 4H FINSX»31H DUCT wALL TEMP AT ENTRANCE (R)/(I3¢7XsF15.8))
(40HOQUTLET FLUID TEMP CONVERG FAILED. TF2P=E12.8¢5H TF2ZE12.8¢6H RE2P=¢
E12.8¢5H RE2= E12.8)

(8HISECTION I3 //6H INLET14Xe7H OUTLET/F15.8+5XsF15.8¢15H FLUID TEMP (R)
/F15+8¢15X¢F15.8,14H WALL TEMP (R)/F15.8,5XsF15.8936H HEAT TRANSFER COEFF
o (BTU/HR SQ@ FT) /F15.8¢5XrF15.8¢13H REYNOLDS NOe //20XeF15,8922H VELOC
ITY AVG (FT/SEC) /

20XrF15¢8920H SECTION LENGTH (FT)/20XsF15.8923H HEAT TRANSFER (BTU/HR)/
20X¢eF15.8+39H HEAT TRANSFER COEFF AVG (BTU/HR SQ FT)/20X+F15.8¢

17H REYNOLDS NO. AVG/20X¢F15.8¢18H FLUID DENSITY AVG/20X+F15.8¢

22H WEIGHT OF LIQUID (LB)/20XrF15.8¢27H PRESSURE CHANGE (LB/SQ FT))
(18HIFINAL OQUTPUT DATA/20X¢F15.8¢31H PRESSURE CHANGE SUM (LB/SQ FT)/
20X+F15.8929H TOTAL HEAT TRANSFER (BTU/HR)/20X*F15.8928H TOTAL WEIGHT OF
LI?UID (LB)/720X°eF15.,8917H ENVIRON TEMP (R)/20X»F15,8¢18H TOTAL LENGTH (
FT)

Note: This Hollerith Listing follows Subroutine Listings. See Fig. A-8.

Fig. A-9 Program 4-2 Listing (cont)
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SUBRQUTINE PRDP

DIMENSION F1(24) rF2(24) yF3(24) vFU(96) rF5(24) vF6(24)rFT7(12)rF8(12)
VFO(12)»F10(12)F11(24)vF12(12) vF13(12)vF14(12)+sF15(12)rF16(12)»
VF17(12)sF18(12)¢F19(12) yF20(12) vF21(12)9F22(12)F23(72)¢F24(48)

DIMENSION TW(S)FW(S)

DIMENSION DA(700) sSR(6)»sC(6)rClD(6)C2D(6) 1HD(6)» TA(6)2C1(10)
VC2(10) +HA(10) »HB(10) v TAA(10) o TAB(10) yELE(10) rELEF(10) eELES(10)»
VIWF(10) e TWS(10)¢G2(10)¢G3(10)+EM(10),B(10)+ELEAV(10)

EQUIVALENCE (pDA(7)9DO) e (DA(B) v WDOT) » (DA(9) » WAL TH) » (DAC10) +ENT) »
VIDACL11) oCP) o (DAC12) ¢ TF1) o (DAC13) y TFEND) » (DAC14) yFMESH) »

VIDA(15) »CKH)
COMMON DA¢+REAV»RHOAV? VAV, ELWeWDOTDyRHO?ADRE?ACH TBeTSeVeDPrPIWDI
COMMON TWAL e Tw 2yCKOrCK1rCK2rCKY »CKSrH'PERIM¢ XH

RE=REAV
FFL=64+«/RE
FFT=e0055%(1e4(e1/DI+1eE6/RE) *%,3333)
IF(REAV=2000,)2500+2500,2600
2500 FF=FFL
60 TO 2900
2600 IF(REAV=3500,)2700,2700,2800
2700 FF=.S%(FFL+FFT)
60 TO 2900
2800 FF=FFT
2900 DP=RHOAV*VAV*%2*%FF*ELW/ (DI*64 «34)
RETURN
END

Fig. A-10 Subroutine PRDP
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SUBROUTINE AICH

DIMENSION TW(5)Fw(5)

DIMENSION DA(700),SR(6)»SC(6)rCLD(6)+C2D(6) 'HD(6) »TA(6)9C1(10),
VC2(10) rHA(L10) oHB(10) »TAA(10) »TAB(10) »ELE(10) 7ELEF(10)vELES(10)
VTWF(10) »TwS(10)rG2(10) »63(10)»EM(10),B(10) ELEAV(10)

EQUIVALENCE (DA(7)¢DO) v (DA(8B) v WDOT) » (DA(9) y WALTH) » (DACL10) »ENT)»
VIDA(11)+CP) o (DA(12) ¢ TF1) o (DA(13) ¢ TFEND) ¢ (DA(14) e FMESH) »
V(DA(15) »CkH)

COMMON DA('REAVsRHOAV!VAV,ELWeWDOTDsRHOvAD'RE?ACHe TBr TS VeDP»PIDI

COMMON TwaAL»Tw tCKOrCK19CK2rCKY»CKSrHIPERIMe XH)RE2/» TSTAR

=WDOTD/ (RHO*AD*3600+)

VISC=ENTERP(TBsDA(500) ) %2,419027

REN=WDOTD*DI/AD

RE=REN/VISC

IF(RE=2000¢)4100410,500

FLK=ENTERP(TB»DA(600))

ACH=CKH*FLK/DI

RETURN

VISCZENTERP(TS+DA(500) ) *2,419027

FLK=ENTERP(TS)DA(&00))

PRN=CP*VISC/FLK

TSTARSTB=( (¢ 1xPRN+40¢) ¥ (TB=TS) / (PRN+72,) )

VISC=ENTERP(TSTAR,DA(500))*2.4190297

RE=REN/VISC

ACHZ (CP*WDOTD* (e 0384*RE¥%x(=e25) ) ) /(AD*(1o+1 « S¥PRN%k* (=, 16667) *
VRE**"QIZS)*(PRN'lc’))

RETURN

END

Fig. A-11 Subroutine AICH for Program 4-2
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SUBROUTINE TWALL
DIMENSION F1(24) rF2(24) »F3(24) »F4(96) rFS5(24)9FE(24)9F7(12) rFB(12)
VF9(12) pF10(12)»F11(24)vF12(12) rF13(12) fF14(12)vF15(12)9F16(12)

VF1T7(12) vF18(12)9F19(12)9F20(12)9F21(12)1F22(12) ¢sF23(72)sF24(48)

DIMENSION TW(5) eFw(5)

DIMENSION DA(700) ySR(6)+SC(6)C1D(6)vC2D(6) rHD(6) rTA(H) e C1L(10) s
VC2(10) +HA(10) sHB(10) e TAA(10) v TAB(10) »ELE(10) vELEF(10) yELES(10) ¢
VIWF(10) v TwS(10)¢G2(10)»G3(10) vEM(10),B(10)sELEAV(10)

EQUIVALENCE (DA(7)+DO) v (DA(8B) +WDOT) » (DA(9) +WALTH) » (DAC10) yENT) »
VIDACL11)oCP) o (DA(12) »TF1) » (DACL13) » TFEND) » (DA (14) »FMESH) »
VIDA(15) ¢ CKH)

COMMON DA»REAV/RHOAV?VAV,ELWeWDOTD/RHO'ADYRE?ACHe TBeTS»VeDPsPIDI

COMMON TwaL»Tw pCKOrCK1oCK2rCKY4 9 CKSoHe PERIMs XH

FWH=CKO+CK 1 XH+CK2xXH*%2+CKUEXH ¥ 4 +CKSEXHE%S=H*PERIM* (TB=XH)

L=0 : :

20 DO 10 K=2+4

Lo+l

FW(K=1)=CKO+CK1*TW(K=1)+CK2ATW(K=1) %%24+CK4*TW (K=1) *x4+CK5x%
VIW(K=1)%%5=H*PERIM* (TB=TwW (K=1))

10 TWK)=(XH*FW(K=1) =TW(K=1)%FWH) / (FW (K=1)=FWH)

IF(L.LTe20) 60 TO 25

PRINT 50¢ TW(2) e Tw(3) rFWHsFW(1)oFw(2)

50 FORMAT(//3XTHTW(2) = E15,8/3X7THTW(3) = E15.8/3X7THFWH = E15.8/
Vv ?X;HFw(l) = E15.8/3XTHFW(2) = E15,8/3X21HTWALL CONVERGE FAILED )
STO ’

25 IF(ABS(TW(3)=Tw(4))=e5)30,30,27

27 TW(l)=Tw(y)
60 To 20 .

30 TWALSTW(2)=(Tw(3)=TW(2))*%x2/(TW(4)+TW(2)=2.%xTW(3))
RETURN
END

Fig. A-12 Subroutine TWALL
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FUNCTION ENTERP(X,TAB)
DIMENSION TAB(101)
IF(TAB(1))9+9+8
ENTERP==TAB(1)
RETURN
N=TAB(1)
DO 5 1=1,N
IF(TAB(2%I)=X)5¢4,3
IF(I=1)606°07
ENTERP=TAB(2*I=1)+ (X=TAB(2%I=2) ) * (TAB(2%I+1)~TAB(2*I~-1))/
V(TAB(2*I)=TAB(2%1=2))
RETURN :
ENTERP=TAB(2%]+1)
RETURN
5 CONTINUE
=2%N+1
K=M
105 PRINT 10¢X*TAB(K) y (TAB(J) pJ=1¢M)
10 FORMAT(//39H LIMITS OF TABLE EXCEEDED BY ARGUMENT = Fl2.4/
VF12.4¢24H = VALUE USED FROM TABLE/(S5F12.4))
ENTERP=TAB (K)
RETURN
6 M=2%N+1
K=2
GO TO 105
END

~Us» ©® W

&

Fig. A-13 Subroutine ENTERP
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FORTRAN SOURCE LIST
ISN SOURCE STATEMENT

0 $IRFTC DECRD DECK

1 SUBROUTINE DECRDI(NATA)

READS A VARITABLE NUMBER OF ITEMS OF FLJOATING=~POINT DATA INTO
SPECIFIED ELEMENTS OF AN ARRAY IN BLOCKS OF 5 CONSECUTIVE ITEMS.
ONE OR MORE BLANK FIFLDS ON A DATA CARD CAUSFE THE VALUES IN CORE
TO REMAIN UNCHANGED

THF FORTRAN INTEGER INDEX IN THE FIRST FIELD OF EACH CARD DEFINES
THE POSITION OF THE ARRAY OF THF FIRST ITeM OF EACH BLOCK OF FIVE.
THE BLOCKS NEED NOT BE SEQUENTIAL NOR CONTINUOUS.

THE INDEX IS PLACED AT THF END OF ITS FIELDe [IT MAY NOT BE ZERD
OR BLANKe IT SHALL NOT CONTAIN A DFCIMAL POINT.

A DECIMAL POINT MUST ALWAYS BE PLACFD IN FACH DATA ITEM, THEREFORE,
THFE VALUE MAY BE PLACED ANYWHERE IN EACH OF THE FIELDS PER CARD.
THE DECIMAL SCALE., IF ANY, FOR A DATA ITEM MUST B3E PLACED AT THE
END 0Of THE FIFLD.

A 0. MUST BE ENTERED TN REAND IN A ZERU. A ~0s IS THE SAMF AS A
BLANK FIFLDs THE READING OF DATA [S TERMINATED BY ENTERING A
NEGATIVE INDEX ON THE LAST CARD OF EACH SERIES.

TO USE THE ROUTINE =—=we= CALL DFCRN{DATA)

2 DIMENSION DRBU {(5). DATA {6)

OO0 00

3 1 READ 2.+ INDs, (DRBU(I).I=1,5)
11 ? FORMATI{I1?, 5E12.0)
12 3 J = IABS(IND)
13 4 DO 7 I=1.,5
14 5 [FIDRBULTL)) 6.10,.6
15 5 DATA{J) = DRBU(IT)
16 7 J = Jd#d
20 8 [F{IND) 9,11,1
21 9 RFTURN
22 10 IF(SIGN(1.+NRBULI))) T,11,6
23 11 CALL EXIT
24 END

Fig. A-14 Subroutine DECRD
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APPENDIX B
SAMPLE PROBLEMS

Four sample problems are presented to demonstrate the capabilities
and limitations of the programs. These problems are also useful for check-
out should the program deck be reproduced or modified for use on another
computer.

Two fluids, either water or "Coolanol',were used in the problems.
The properties of these fluids and the method of entering the data is shown
in Fig. B-1. Data properties at various temperatures are given. The program
uses a linear interpolation between data points.

Problem 1: Hot Water Panel

A panel consisting of 12 steel tubes, 4-inches on centers are joined
together with 1/8" steel plates. Two hundred-fifty pounds of water per hour
at 200 F. enters the system. A detail listing of the items affecting the
performance and the data locations are tabulated in the input data shown
in Fig. B-2.

Three computation sections are chosen for this illustration and a
heat exchanger effectiveness of 0.5 is assumed. As shown in the output
data, Fig. B-3, the overall tube lengths are 20.178 feet. The water flow
in the tubes is laminar with a convective heat transfer coefficient in the
entrance of 55.624 Btu/hr sq ft R. For these conditions, the tube wall
temperature is considerably below that of the water. It can also be ob-
served that over half of the total length is in the third section where
the water temperature approaches ambient. For the case shown, the actual

exchanger effectiveness is
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e fr " Tes 660 - 549.94
T, - T 660 - 534.36

0.87

This is considerably higher than the value of 0.5 estimated in the input
data. This difference has no effect in the accuracy for‘the calculated
problem solution since the output data is based on the 0.87 value. It
does point out the fact that for most cases the calculated data will be at
a higher effectiveness than estimated.

The output data con;ains many items affecting the performance and

the heat transfer parameters so that design changes can be made if desired.

Problem 2: Tubular Heat Exchanger

A 3/8 inch 0.D, tube transports "Coolanol' through a low pressure gas
enclosure having a low convective heat transfer coefficient but high gas and
wall temperatures. It is required to find the temperature rise in the
"Coolanol' while passing through 15 feet of tube length.

Program 4-~2 is directly applicable to this problem. However, Program
4-1 could be used, but two modifications would be required: (1) the program
input data for radiative heat transfer will have to be altered, and (2) fins
will have to be added to the tube. Program 4-1 uses the projected‘tube
diameter for calculating radiative heat transfer, however, this would not
yield the correct solution to the problem. This item can be accounted for
by multiplying the radiative constants C, and Ce by the factor mT/2. Extremely
small dummy fins with external surface properties equal to that of the duct
but of essentially no length or thickness could be entered as data. If

sufficiently small, these fins would have negligible effect on the overall
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heat transfer from the duct. With the above changes‘Program 4-1 could be
used.

In using Program 4-2 the values of the radiative and environmental
parameters C, and Cg are required. The problem conditions used to calculate

these parameters are:

e = 0.6
a
e =1.0
X
T = 1000 R
X
F =1.0
X

Using these values in Eqs. (1.9) and (1.10)

C, =€, 0= (0.8)(0.1613) (10™%) = 0.137(10™")

0.1713(10 %) (1000%) (1.0)(0.6) = 1028

(2]
N

One hundred degrees fluid temperature rise in passing through the duct
was estimated for a first trail. The remaining input items for this problem
are shown in Fig. B-4. The program output data is shown on Fig. B-5. Only
two section lengths were calculated for this illustration. As shown 144.0959
feet of tubing are required to heat the '"Coolanol" 100 F This tube is
longer than the problem value and therefore the fluid will be heated less
than the 100 degrees estimated for the input data. Other temperature changes
could be selected and the program rerun. In most instances several section
lengths would have been specified so that a curve of output length and
temperature could be plotted. The performance could be visually analyzed,

and the proper design selections made.
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Noncircular Duct and Tapered Fin Lengths

Problem 3:

Problem 3, illustrated in Sketch 1 uses Program 4.2. The program
assumed the equivalent length of the extended surfaces to vary linearly with

0.0365" developed length
(for convection)

B e o e 2"

0.0304'
0.020"

! / /
/ / /
| / 7
/ /
I / /
I / y
/ // //
| / /
| / /
| / /
| / /
! / /)
I, // /
! / //
| / /
| // y
/ / 0.0324" 0.020"
' S /S
1 ?
\\\\Ad = 1.11x10-4sq ft (flow area)
p = 0.0518 ft

Fluid - 250 1b/hr - "Coolanol"
Material - Aluminum - k = 118 Btu/hr ft R

T., = 760 R

T, =710R

T, = 730 R (estimated)

I , = 680 R (estimated)

L, = 0.1559' (calculated by Program 2-1)
Lo, = 0.2697' (calculated by Program 2-4)

Sketch 1



tube temperature while in this problem the actual fin length varies linearly
with the tube length. The equivalent length, however, is a nonlinear function
and very little is known regarding its true behavior. However, it seems
appropriate to test the program's ability to achieve convergence in some of
the loops and to solve such a problem. The calculated answers should be
regarded as being an approximation.

A listing of the input data to obtain the fin performance is shown in
Figs. B-6 and B-7, while the input data used by program 4-2 is shown in
Fig. B-8 and the output data in Fig. B-9.

The calculated wall temperatures on the entrance and exit are not
close to the estimated values. Some improvement in accuracy would result
from rerunning the program using problem 3 data. Still better accuracy
could be attained if the duct length were divided into a number of sections

and the duct and fin equivalent lengths calculated for each section.

Problem 4: Heating Coil in Paraffin Tank

A coil carrying '"Coolanol" is brazed into a tank structure as shown
with much of the data in the Sketch 2 below. The coil itself has a 1/2"
outside diameter, and a 0.025" wall.

The fin input and output data at approximately inlet conditions is
shown in Figs. B-10, B-11 and B-12. Program data at outlet conditions was
also obtained but the details were omitted. The final input and output
problem data using program 4-2 is shown in Figs. B-13 and B-l4.

As shown by the output data considerable heat is transferred by this
system 105,000 Btu/hr. A high temperature drop between the fluid and the tube

wall is evident despite the high Reynolds number (approximately 10,000) and the
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high heat transfer coefficient (approximately 240 Btu/hr ft R). This tempera-
ture drop is due to the high rate of heat transfer from the fins and the fact

that the actual tube area through which the heat is flowing is small. The

' Duct Section # 1
L‘_____* 1.7211 0.405n -4_/'/
/

Fin # 2 Fin 4 1
:;\\\ //////// ///_
N-
Duct Section # 3

Vo TT
\\\\~Fin # 3

o
—

B~

05"

—

Duct Section # 2
600 R

12 Btu/hr sq ft R

Insulation
h =20

a

System Fin # 1 and Fin # 2
Tfl = 800 R T =T =530R
m a
ng = 650 R ha =7 Btu/hr sq ft R
. — -8
v, = 1000 1b/hr Cl = 0.1456x10
C, = 146.1 Btu/hr sq ft

Sketch 2

small diameter tube creates a large pressure drop, 1535.92 1lb/sq ft (10.66 psi).
It therefore seems advisable to examine other tube diameters in the event that
other sizes could produce better results. The problem does demonstrate the
wide capabilities of the program and the manner in which the data might be

examined and the configurations chosen to attain a suitable performance compromise.
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Problem 5: Flow at Critical Reynolds Number

Problem 1 is recalculated except that the flow rate is increased to
800 1bs/hr. This problem is introduced to illustrate the difficulties that
might be encountered and to recognize them from the output data. The input
and output data is shown in Figs. B-15 and B-16. The calculated average
Reynolds number in the first section is 2,434.5 which,according to the pro-
gram test, it is in the turbulent region. Convergence failed in the second
section. 1In the calculated Reynolds numbers for the last two passes through
the loop are 1,803.7 and 1,612.7. Both of these numbers appear to be con-
siderably below the critical value of 2000. Convergence might have been
accomplished at the exit of this section had these values been lower. The
peculiar situation encountered in this problem arises from the fact that the
fluid heat transfer coefficient is calculated alternately with the equations
provided in the program for turbulent and laminar regions. If laminar, a low
coefficient and high liquid temperature is predicted. The next attempt predicts

a Reynolds number based on bulk temperature higher than 2000 and the calculated

heat transfer coefficient is made with the turbulent equations. In these
equations the Reynolds number is recalculated at an intermediate temperature,
T%, This accounts for the fact that both of the Reynolds numbers are consider-
ably below the critical wvalue. Additional program data (not shown) was printed
out before the difficulty was isolated.

With an actwal system the flow in the vicinity of the critical Reynolds
number could be either laminar or turbulent. Testing would be required to
establish the operating performance, which may change from one test to another.
For this reason, systems designed for operation in the tramsition region are

usually avoided.
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EXAMPLE PROBLEM

INPUT DATA

]
DOD NI W) -

NN N D N Dt hed et et el e et e
PUN DO DN PN -

25
26
27
28
29
30
3]
32
33
34
35
26
37
38
39
40
41

004167
0.03083
12.00000
25000000
0.14580
0.01040
0.01040
4904 00000
490,00000
0.00000
26400000
1. 00000
660.02000
6« 00000
6. 00000
535.00000
535.00000
0.00000
0.00000
0.85000
0.85000
0.092000
1. 00000
0.00000
1.002000
0.00000
0.00000
0. 00000
0. 00000
0.00000
0.00000
530400000
0. 00000
1. 00000
-15.092000
15.00000
0.00000
0. 50000
3. 00000
3000.0Nn000
4236400

EFF CURVE
0.41200F

=0 B87832E
0.10000F

Fig.

B-9

QUTSIDE DIAMETER (FT)

INSIDE DIAMETER (FT)

NO. OF TUBES

WEIGHT FLOW {LBS/HR)

FIN LENGTH (FTI)

FIN THICKNESS AT ROOT (FT)

FIN THICKNESS AT FAR EDGE (FT)
DENSITY OF FIN MATERIAL (LBS/CU FT)
DENSITY OF TUBE MATERIAL {(LBS/CU FT)
NOT USED
THFRM COND OF
SPECIFIC HEAT
FLUID TEMP AT
HEAT TRANSFER COEFFICIENT SIDE A (HA, BTU/HR 50 FTR}
HEAT TRANSFER COEFFICIENT SIDE B (HB, BTU/HR S0 FTFﬂ
AMBIENT TEMP SIDE A (R}

AMBIFNT TEMP SIDE B (R)

ALPHAA
ALPHAR
EPSA
EPSA
EPSX
FA

FAX

FB8

FRX
RHOM
RHNOX
THETAP
THETAM
THETAX
™ (R)
TX (R)
FPSM

I TERATION LIMIT

NOes 0OF INTEGRATION STEPS
SOLAR CONSTANT (BTU/HR SQ FT)
HEAT EXCHANGER EFFECTIVENESS
NO. OF SUBSECTIONS

PRESSURE (LBS/SQ FT)

NUSSELT NO. -

FIN (BTU/FT HR R)
OF FLD (BTU/LB R)
ENTRANCE (R)

(DEG)
{DEG)
(DEG)

FIT
N0 0453315F=02 0.23620F~04

00=0496254F~01-0.40643E-02
01 0.62460E 00 0.23347E 00

B~2 1Input Data - Problem 1



SECTION N0

INLFY

0.66000F
0. 60797F
N«10783F
D.55624F

a3
03
00
02

SFCTION NO.

INLET

0.62405F
0.58638F
0.10R10F
0e53928F

03
03
00
02

CUTLET

0. 62405F
0.586328F
0.10810E
0.53928F

0e547T76F
D.86895E
0.12822F
0e31746E
0.11713F
0.74892F
0.,60450F
0e14329F

OQUTLET

0.58T741F
0e 56479F
0.10828E
0.52199¢E

O« 53063F
0.47411F
0e12715F

. D« 50339F

0.33758F
0. 76343F
Oe 60956E
0.22911FE

03
03
00
n?

02
03
00
01
00
03
02
418]

03
03
00
02

02
03
on
m
00
03
02
o0

B-10

FLUID TEMP (R)

WALL TEMP {R)

FIN EFFECT LFENGTH (FT)

HEAT TRANSFER COEFFICIENT {(BTU/HR FT SQ R)

HEAT TRANSFER COEFFICIENT AVG (BTU/HR FT SO R)
REYNOLDS NO. AVG

VELOCITY AVG {FT/SEC)

SECTION LENGTH (FT)

PRESSURE CHANGE (LBS/SQ FT)

HEAT TRANSFER {BTU/HR TUBE)

FLUID DENSITY AVG

WT OF LIQUID (LBS)

FLUID TEMP (R)

WALL TEMP (R}

FIN EFFECT LFNGTH (FT)

HEAT TRANSFER COEFFICIENT (BTU/HR FT SQ R)

HEAT TRANSFER COEFFICIENT AVG (BTU/HR FT 50 R)
REYNOLDS NO. AVG

VELOCITY AVG (FT/SEC)

SECTION LENGTH (FT)

PRESSURE CHANGE (LBS/SQ FT)

HEAT TRANSFER (BTU/HR TUBE)

FLUID DENSITY AVG

WT OF LIQUID (LBS)

Fig. B-3 Output Data - Problem 1



SFCTION NO. 3

INLET OUTLET

N0.58741F 03 0.54994F 03 FLUID TEMP {R)

0.564T79F 03 0.54320F 03 WALL TEMP (R)

0.10838F 00 0.10865F 00 FIN EFFECT LENGTH {FT)

N.52199F 02 0.50432E 02 HEAT TRANSFER COEFFICIENT (BTU/HR FT 50 R)

0.51315E 02 HEAT TRANSFER COEFFICIENT AVG (BTU/HR FT SQ R)
0432763E 03 REYNOLDS NO. AVG

0.12609FE 00 VFLOCITY AVG (FT/SEC)

0.11969E 02 SECTION LENGTH (FT)

0.11518F 01 PRESSURE CHANGE (LBS/SQ FT)

0.78048F 03 HEAT TRANSFFER {BTU/HR TUBE)

0.61472F 02 FLUID DENSITY AVG

0.54937F 00 WT DF LIQUID (LBS)

FINAL OQUTPUT DATA

INLET MIDPOINT OUTLET

D0.58505F 00 141 0.90636F 00 ENVIRON PARAM (C3)
0.50953FE-01 Oe 0,36694E~01 PROFILE NO.

0.94339F 00 Oe 0.,94339E 00 CONVECTIVE PARAM (FH)
N.83283F 00 Oe 0e92915E 00 CONVECTIVE PARAM (FAH)
N.10865F 00 0o 0,10B865E 00 FIN EFFECT LENGTH (FT)

Ce9217H6E 0O TOT WT OF LIQUID (LBS)

0. 60993F 01 WEIGHT OF DUCT (1LBS)
0.149G2E 02 WEIGHT OF FINS (LBS)
0.43959F 03 TOTAL WEIGHT (LBS)

Ds53436FE 03 ENVIRON TEMP (R)

0201 7BE N? TOTAL LENGTH (FT)

0.160€65F 01 TOTAL PRESSURE DROP (LBS/SQ FT)
0e27514F 05 TOTAL HEAT TRANSFER (BTU/HR)
0.80694F 02 PLAN AREA (S0 FT)
0.?9121E~-08 RADIATION CONSTANT (C1)
0.22980F 03 RADIATICN CONSTANT {C2)

Fig. B-3 Output Data - Problem 1 (cont)
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FXAMPLE PROBLEM .

INPUT DATA
1 1.00000000 NO. OF DUCT SECTIONS
2 0.00000000 NO. OF FINS
3 0. 00000000 DUCT PERIMETER (FT) *OPTION
4 0.00000000 DUCT AREA (SO FT) *ODPTION
5 0. 01925000 EFFECTIVE DIAMETER (FT) *OPTION
6 0.00000000 NOT USED
7 0.03125000 OUTSIDE DIAMETER (FT).
8  250.00000000 TOTAL WEIGHT FLOW (LB/HR)
9 0. 00600000 WALL THICKNESS (FT)
10 1.00000000 NO. OF DUCTS
11 0.70000000 SPECIFIC HEAT OF FLUID (BTU/LB R)
12  560.00000000 FLUID TEMP AT ENTRANCE (R)
13 660.00000000 FLUID TEMP AT EXIT (R)
14 2.00000000 NO. OF SUBSECTIONS
15 3, 50000000 NUSSELTS NO.
INPUT DATA
INPUT DUCT VALUES
SFC EFFFCT PERIFERAL LENGTH FOR RADIATION (FT) 20
1 0. 09817000
SEC EFFFECT PERIFERAL LENGTH FOR CONVECTION (FT) 21
1 0.05817000
SEC RADIATION CONSTANT C1 (BTU/HR SO FT R¥*4) 22
1 0.13700000E-08
SEC RADIATION CONSTANT C2 (BTU/HR SO FT) 23
1 1028. 00000000
SEC CONVECTIVE HEAT TRANSFER COEFF (BTU/HR SO FT R) 24
1 1. 30000000
SEC AMBIENT TEMP (R) 25
1 925. 00020000
INPUT FIN VALUES
FIN RADIATION CONSTANT C1 (BTU/HR SQ FT R**4) 80
1 Oe
FIN RADIATION CONSTANT C2 (BTU/HR SO FT) 81
1 0.00000000 :
FIN CONVECTIVE HEAT TRANSFER COEFF SIDE A (BTU/HR SQ FT R) 82
1 0.00000000
FIN CONVECTIVE HEAT TRANSFER COEFF SIDE B (BTU/HR SQ FT R) 83
1 0.00000000
FIN AMBIENT TEMP SIDE A (R) 84
1 0.00000000 _
£IN AMBIENT TEMP SIDE B (R) 85
1 " 0,00000000 '
FIN NOT USED 86
1
FIN EFFECT LENGTH AT EXIT (FT) 87
1 0.00000000
FIN EFFECT LENGTH AT ENTRANCE (FT) 88
1 0.00000000
FIN DUCT WALL TEMP AT EXIT (R) 89
1 0.00000000
FIN DUCT WALL TEMP AT ENTRANCE (R) 90
1 0400000000

Fig. B-4 1Input Data - Problem 2
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SFCTION 1
INLET o OQUTLET
56000000000 611,32028961 FLUID TEMP (R)
572.725449371 619,60701752 WALL TEMP (R)
177.45729256 239459266663 HEAT TRANSFER COEFF. (BTU/HR SO FTR)
2193412750244 3964.59719849 REYNOLDS NO.
4436191505 VELOCITY AVG (FT/SEC)
69.234133530 SECTION LENGTH (FT)
- 8981.05065918 HEAT TRANSFER (BTU/HR)
208,52497864 HEAT TRANSFER COEFF AVG (BTU/HR SQ FTEﬂ
307886233521 REYNOLDS NO. AVG
54070989227 FLUID DENSITY AVG
1.10410248 WEIGHYT OF LIQUID (LB)
1873,22721863 PRESSURE CHANGE (LB/SOQ FT)
SECTION 2
INLET OUTLETY
61132028961 65999997711 FLUID TEMP (R)
619,60701752 666095954132 WALL TEMP (R}
?239,59266663 254,78985596 HEAT TRANSFER COEFF. (BTU/HR SQ FTFQ)
3964459719849 4603.47137451 REYNOLDS NO.
4.46136743 VELOCITY AVG (FT/SEC)
7475459385 SECTION LENGTH (FT)

~8518.94531250 HEAT TRANSFER (BTU/HR)
247,19126129 HEAT TRANSFER COEFF AVG (BTU/HR SO FTEQ
4284,03424072 REYNOLDS NO. AVG
53489389296 FLUID DENSITY AVG
1.16375335 WEIGHT OF LIQUID (LB)
2545,14883423 PRESSURE CHANGE (LB/SOQ FT)

FINAL QUTPUT DATA
4418437603760
-174994 99584961
2026785582
929441597748
144409592819

PRESSURE CHANGE SUM (LB/SQ FT)
TOTAL HEAT TRANSFER (BTU/HR)
TOTAL WEIGHT OF LIQUID (L8)
ENVIRON TEMP (R)

TOTAL LENGTH (FT). .

Fig. B-5 Output Data - Problem 2
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_ EFFECTIVENESS FOR TRAPEZOIDAL PLATE FINS AND CPTIONAL TEMP PROF

-1.000000 CODE FOR INITIAL VALUES

1.000000 CODE FOR TEMP PROFILE
15,000000 [TERATION LIMITS
NeHIT7000 THICKNESS RATIN
2.000000 FIN LENGTH (INCHES)
730.000000 ROOT ENGE TFMP (DEG RANKINE)D

fo JN% JF SEFURENT P

C1 AND C2 ENTERED AS DATA
7 0.14560000E-0R C1
8 0,88609999F 02 C?
9 0,11800000F 03 FIN THER COND (BTU/HR=FT=DEG(R))

25 0632400000F-01 ROOT EDGE THICKNESS (INCHES)

c1 = 0,145600D00E~018
c2 = D4 88609999E 0?2
B - T = 0421420382F 00
ZETAP = 0,49283479F-01
FINAL 2 = 0.,97G34200F 00
FINAL D71 ==0,26285591E=01
FINAL OMEGA = 0,999°99998F 00

FH = Q,

_.. FAH = 0.
__TEMP RATIO (TE/TH) = 0,68039F 00

EFF ENVIRON TEMP = 0,4966RE 03 {(DEG{(R))

FINAL EFFECTIVENESS = 0o724772

ARFA FFFECTIVENFESS= 0. 925186
" EFFECTIVE LENGTH = 1.87037 (INCHES)
) = 0.50635F 02 RTU/HR (FOOT 0OF LENGTH)

Note: Data Calculated with Program 2-1, Ref. 1

Fig. B-6 Fin Data at Entrance - Problem 3



FFFECTIVF WIDTH

INPUT

INPUT

1
2
3

4

1.00
200
15.00

0.00000000

ROOT EDGE TEMP(R)

SECTION NUMBER = 1

12
13
14
15

29
3N

THICKNESS PONOT EDGE
THICKNESS FAR EDGFE
FIN LENGTH

THERMAL CONDUCTIVITY

c1
c2

{ENTERED AS DATA)
(ENTERED AS DATA)

DATA FOR CONVFCTION

31 0. 000C00N

32 0. 0000000

33 0. 000C0OCH

34 0. 0000000

SECTION NUMBER = ?
42 THICKNFSS ROOT EDGE
43 THICKNESS FAR EDGF
44 FIN LENGTH

45 THERMAL CONDUCTIVITY
59 C1 {ENTERFD AS DATA)
60 C2 (ENTFRED AS DATA)

B-15
FOR MULTISECTION FINS AND OPTIONAL TEMP PROF

Wounonon

Ui

oo

CINDE FOR TEMP PROF
NUMBER OF SECTIONS
[TERATION LIMIT

INITIAL DZ/NW (OPTIONAL)

= 0,68000000F 03

0s3240C000F=D1
Ne?00CDGOC0OE-DL
0 20000000F 01
0.11800000F 03

0.14560000F~08
N.88609999F 02

{DEG(R))

AMBIFENT TEMP 8 (DEG(R))

0 20000000E=-01
06 20000000F~01
0.20000000E 01
0.11800000F 03

0.14550000F=08
0. 88B609999E 02

[ INCHES)
({ INCHES)
{ INCHES)
[BTU/HR-FT~DEGI(R} )

HEAT TRANSFER COEFFICIENT SIDE A
HEAT TRANSFFR COEFFICIENT SIDE B
AMBIFNT TFMP A

{ INCHES)
{ INCHES)
{ INCHES)
(BTU/HR~FT=DEGI{R) )

DATA FOR CONVFCTION
61 00000000 HEAT TRANSFER COFFFICIFNT SIDE A
67 0. 00C000N0 HEAT TRANSFER COEFFICIENT SIDE B
63 0. 0000000 AMBIFNT TEMP A (DEGIR})
64 00000000 AMBTENT TFMP B (DEGIR))
Ak CONVFRGENCE ACCCMPLISHED

EFFECTIVE LENGTH = 2, 735802 (INCHFS)

Note: Data Calculated with Program 2-4, Ref. 1

Fig. B-7

Fin Data at Exit - Problem 3
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INPUT NATA

INPUT
SFC
1
SEC
1
SFC
1
SFC
1
SFC
1
SFC
1

1

O DN H NNV

19
11
12
12
14

15

1.20009CN0
2. 0ONO00NH0
N. £5180000C
J10011100
0. 30D000N0
0. NOO0O000
0« 20000000
20, 00000000
N DODCGOCN0
1. 00000000
De 70CCNA0NN
76 0. CONOONNON
710 0COOI020
2..007°00000
3. 500073090

NUCT VALYES

EFFECT PFRIFFRA
0.03640000
EFFFCT PERIFERA
Ne 03650000
RADTATICN CONST
0el456C000F=-08

NOe. NF NUCT SECTIONS

NO. OF FINS

DUCT PERIMETER (FT) *0OPTION
DUCT AREA (SQ FT} *0OPTION
EFFFCTIVE DIAMETER (FT) *OPTION
NOT USED

OQUTSIDF DIAMETER (FT)

TOTAL WEFIGHT FLOW (LB/HR)

WALL THICKNESS (FT)

NOeo 0OF DUCTS

SPECIFIC HFAT NF FLUID (BTU/LB R)
FLUIND TEMP AT ENTRANCE (R}
FLUID TEMP AT EXIT (R}

NO, 0OF SUBSECTIONS

NUSSELTS NOa

INPUT DATA

L LENGTH FOR RADIATION (FT)
L LENGTH FOR CCONVECTION (FT)

ANT C1 (BTU/HR SQ FT R**4)

RADIATION CONSTANT C2 (BTU/HR SO FT)

88, 609399346
CONVECTIVE HEAT
0. 00000000
AMBIENT TEMD (R
0. 0G00N0INND

Fig. B-8

TRANSFER COEFF (BTU/HR S0 FT R)

)

Input Data - Problem 3

20

21

22

23

24

25



INPUT FIN VALUES _ INPUT DATA
FIN RADIATION CONSTANT €1 (BTU/HR SO FT R*%4)

1 0+14560000E~08 80
> 0e1454A0000E=08 100
FIN RADIATION CONSTANT C2 (BTU/HR SQ FT)

1 88460999966 81
» 38, 60999966 101
FIN CONVECTIVE HEAT TRANSFER COEFF SIDE A (BTU/HR SQ FT R)

1 000000000 82
2 0. 00000000 102
FIN CONVECTIVE HEAT TRANSFER COEFF SIDE B (BTU/HR SQ FT R;

] 0.00090000 83
7 0. 00000000 103
FIN AMBIENT TEMP SIDE A (R)

1 0. 00000000 84
2 0. 00000000 104
FIN AMBIENT TEMP SIDE B (R)

] 000000000 85
? 0. 00000000 105
FIN NOT USFD

1 86
? 106
FIN EFFFCT LENGTH AT EXIT (FT)

] 026970000 87
? 0626970000 107
FIN FEFECT LENGTH AT ENTRANCE (FT)

1 0.15590000 88
2 0.15550000 108
FIN DUCT WALL TEMP AT EXIT {R)

] 580 0C000000 89
> 680400000000 109
FIN DUCT WALL TEMP AT ENTRANCE (R)

1 73000000000 90
2 730 0CO0N000 110

Fig. B-8 1Input Data - Problem 3 (cont)
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SECTION 1
INLFT OUTLET
760. 00G0O0000 736414452362 FLUID TEMP ({R)
669413888550 65029251044 WALL TEMP (R)
2674583364 27.23288274 HEAT TRANSFER COEFFs {BTU/HR SQ FTRQ
463453445435 454,81632€614 REYNOLDS NGO
098629791 VELOCITY AVG (FT/SEC)
2.70441812 SECTION LENGTH (FT)
333.97666931 HFAT TRANSFER {BTU/HR)
26498935819 HEAT TRANSFER COEFF AVG (BTU/HR SO FTR&
459417538834 REYNOLDS NO. AVG
50.74703693 FLUID DENSITY AVG
001523377 WEIGHT OF LIQUID (LB)

33474176884 PRESSURE CHANGE (LB/SQ FT)

SFCTION 2

INLFT
736414452362
650479351044

2723288274
454081632614

ODUTLET
710.00511932
631.44813538

2T 76656246
445463246536

FLUID TEMP (R)
WALL TEMP (R}

HEAT TRANSFER COEFF. (BTU/HR SO FTR)

REYNOLDS NOa

0.97458974
3012721592
26595166016
2749972248
450022439575
5135657412
0.01782708
39432037449

VELOCITY AVG (FT/SEC)

SECTION LENGTH (FT)

HEAT TRANSFER (BTU/HR)

HEAT TRANSFER COEFF AVG (BTJ/HR SQ FTE&
REYNOLDS NO. AVG

FLUID DENSITY AVG

WEIGHT OF LIQUID (L8)

PRESSURE CHANGE (LB/SQ FT)

FINAL NUTPUT DATA

PRESSURE CHANGE SUM (LB/SQ FTI
TOTAL HEAT TRANSFER (BTU/HR)
TOTAL WEIGHT OF LIQUID (LB}
ENVIRON TEMP (R)

TOTAL LENGTH. (FT)- -

73.06214333
£99. 92832947
0.03306086
496, 68486404
5 83163404

Fig. B-9 OQutput Data - Problem 3
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EFEECTIVENESS FOR TRAPFZOIDAL PLATF FINS

0, CC00CC CODE FOR INITIAL VALUES
1. 000000 CODE FOR TEMP PROFILE
15.CCCPCO ITERATION LIMITS
1000000 THICKNESS RATIO
15.00C000 FIN LENGTH (INCHES)
760, CC000N ROOT ENGE TEMP (DEG RANKINE)D

DA D Y e

%% THE FOLLOWING QUANTITIES ARE ENTERED AS DATA
9 9N, CCCO00 FIN THFR COND (BTU/HR=FT=DEGI(R))

10 D 5CCOCA FA

11 Ce?2CCCCO ALPHA A .
12 Ne BELCNNL EPS A Note: Data Calculated Wlth)
13 0.00CC00 FAX :
14 Ce.Q0C00ON ¥8 Program 2-1, Ref. 1
15 0.00C000 ALPHA B :

16 D,CCCOCC EFPS B

17 0., 000000 FRX

18 E30,C0C00C0 TM (NDFEG RANKINE)
19 90, 0CCOCH THFTA M (DEG)

2¢ Ne10OCCO RHC M

21 0.CCO009 TX {NEG RANKINF)

22 0.CCONOE THETA X (DEG)

23 NeCOROON RHL X

24 0. C0ON0ND THETA P {DEG)

25 06065000 RONT EDGE THICKNESS {INCHES)
29 N 000ONCO EPSX

INPUT DATA FOR CONVFCTICN STUDY
ED ToCOCO0CN HEAT TRANSFER COEFFICIENT SIDE A
22 12.000000 HEAT TRANSFER COFFFICIENT SIDE B
33 B53C.C00000 AMBIENT TEMP A
A4 H0NL00000D AMBIENT TEMP B

Cl = 0,1456N500E~C8
€2 = 0614605317F 03
c3 = Ce3CCFAR25E QO
7ETAP = Nel4N1AGL3E 0]
FINAL Z = (,781874SSF 0O
FINAL D71 ==0,16260223% 01}
FINAL CMFGA = (,AT7GGASS3E (0
FH = N4 1F6H6E6TE D2
FAH = Na214RNALIE N2
C2A = (,1460%5317F 03
TEMP RATIN (TE/TH) = Qe7F474F 00
FFF ENVIRON TEMP = 0,573F1F 03 (DEG(R))
FINAL FFFECTIVENFESS = (0.141188
AREA EFFECTIVENFSS= De 146517
EFFECTIVE LENGTH = 2016776 (INCHES)

Fig. B~10 Fin No. 1 (at inlet) - Problem &
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(INCHES)
(INCHES)
(INCHES)
(BTU/HR=FET=DEG(R) )

(DEGREES RANKINE)
(DEGREES)

{DEGREES)

Note: Data Calculated with

Program 2-4, Ref. 1

( INCHES)
{ INCHES)
( INCHES)
(BTU/HR=FT=DEG(R})

{DEGREES RANKINE)
{DEGREES)

{DEGREES)

SECTION NUMBER = 1
12 THICKNESS ROOT EODGE = 0190000
13 THICKNESS FAR EDGE = 04190000
14 FIN LENGTH = 1. 720000
15 THERMAL CONDUCTIVITY = 90.000000
16 FAX = 0+ 500000
17 ALPHA A = 0.200000
18 EPS A = 0.850000
19 FBX = 0. 000000
20 ALPHA B = 0000000
21 EPS B = 0.000000
22 TX = 530,0000C0
23 THETA X = 906000000
24 RHO X = 0.100000
25 THETA P = 0000000
26 EPS X = 1. 000000
INPUT DATA FDOR CONVECTION
31 7o 0G00000 HEAT TRANSFER COEFFICIENT SIDE A
32 00000000 HEAT TRANSFER COEFFICIENT SIDE B
33 5300000000 AMBIENT TEMP A (DEG(R})
34 00000000 AMBIENT TEMP B (DEG(R))
COMPUTED VALUES OF C1,C2,C3
Cl = 0s14560500E-0R
C2 = 0.,14605317€ 03
C3 = 0.30066325E 00
SECTION NUMBER = 2
42 THICKNESS ROOT EDGE = 0.C95000
43 THICKNESS FAR EDGE = 0. C95000
44 FIN LENGTH = 15.000000
45 THERMAL CONDUCTIVITY = 90.000000
46 FAX = 0.500000
47 ALPHA A = 0.200000
48 EPS A = 0850000
49 FBX = 0. 000000
50 ALPHA B = 0, 000000
51 EPS B = 0. 000000
52 TX = 530,000000
53 THETA X = 90,000000
54 RHO X = 0100000
55 THETA P = 0, 000000
56 EPS X = 1. 0000060
INPUT DATA FOR CONVECTION
61 70000000 HEAT TRANSFER COEFFICIENT SIDE A
62 De COCO0OO0N HEAT TRANSFER COEFFICIENT SIDE 8
63 530.,0000000 AMBIENT TEMP A (DEG(R))
64 0, 0000000 AMBIENT TEMP B (DEG(R))

EFFECTIVE LENGTH

Fig. B-11

4, 033377

( INCHES)

Fin No. 2 (at inlet) - Problem 4



INPUT

INPUT

SECTION NUMBER = 1

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

THICKNESS ROQAT EDGE

THICKNESS FAR EDGE
FIN LENGTH

THERMAL CONDUCTIVITY

FAX
ALPHA A
EPS A
FB X
ALPHA B
EPS B
TX
THETA X
RHO X
THETA P
EPS X

DATA FOR CONVECTION

31
32

34

12,0000000 HEAT TRANSFER COEFFICIENT SIDE A
0, 0000000 HEAT TRANSFER COEFFICIENT SIDE B
33 600,0000000 AMBIENTY TEMP A (DEG(R))
0,C000000 AMBIENT TEMP B (DEG{R))

SECTION NUMBER = 2

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

THICKNESS ROOT EDGE

THICKNESS FAR EDGE
FIN LENGTH

THERMAL CONDUCTIVITY

FAX
ALPHA A
EPS A
FBX
ALPHA B
EPS B
X
THETA X
RHO X
THETA P
EPS X

DATA FOR CONVECTION
12,0000000 HEAT TRANSFER COEFFICIENT SIDE A
0, CO00000 HEAT TRANSFER COEFFICIENT SIDE B

61
62

63 600,0C00000 AMBIENT TEMP A (DEG(R))
0,0000000 AMBIENT TEMP B (DEG(R))

64

EFFECTIVE LENGTH

N EEEEEEEE

B-21

LN T T (O T (T N 2N T O (O I I O | S 1

=

04190000

0.190000
1720000

90000000

0.C00000
0. 000000
0.C00000
0. 000000
0., 000000
0.000000
D« C0O0O000
0. 000000
0. 000000
0000000
0, 000000

0.C75000
0.095000

15.,000000
90.CC0000

04000000
0000000
0. 000000
04000000
0000000
0. 000000
0.000000
0.C00000
0.000000
04000000
0.000000

CINCHES)
(INCHES)
(INCHES)

(BTU/HR=FT-~DEG(R))

{DEGREES RANKINE)
{DEGREES)

(DEGREES)

{INCHES)

(INCHES)

{INCHES)
{BTU/HR-FT=DEG(R))

(DEGREES RANKINE)
{DEGREES)

{(DEGREES)

3542568 (INCHES)

Note: Data Calculated with Program 2-4, Ref. 1.

Fig. B-12

Fin No.

3 - Problem 4
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EXAMPLE PROBLEM

INPUT DATA

1 3.00000000 NO. OF DUCT SECTIONS

2 3. 00000000 NO. OF FINS .

3 0. 00000000 DUCT PFRIMETER (FT) *OPTION

4 0. 00000000 DUCT AREA (SQ FT) *OPTION
5 003750000 EFFECTIVE DIAMETER (FT) *0OPTION
& 0. 00000000 NOT USED
7 0. 04200000 OUTSIDE DIAMETER (FT)
8 1000.00000000 TOTAL WEIGHT FLOW (LB/HR)

9 0. 00000000 WALL THICKNESS (FT)
10 1.00000000 NO. OF DUCTS
11 0« 70000000 SPECIFIC HEAT OF FLUID (BTU/LB R)

12 800 00000000 FLUID TEMP AT ENTRANCE (R)
13 650, 00000000 FLUID TEMP AT EXIT (R)

14 3.00000000 NO. OF SUBSECTIONS
15 4436400002 NUSSELTS NO.

INPUT DUCT VALUES INPUT DATA
SEC EFFECT PERIFERAL LENGTH FOR RADIATION (FT) |
1 0.02375000 20
2 0.00000000 30
3 0.03375000 40
SEC EFFECT PERIFERAL LENGTH FOR CONVECTION (FT)

1 0.03375000 21
2 000000000 31
3 0.03375000 41
SEC RADIATION CONSTANT C1 (BTU/HR SO FT R*%4)

1 0.14560C00E=-08 22
2 0. 32
3 0. 42
SEC RADIATION CONSTANT €2 (BTU/HR SO FT)

1 146.1€000038 23
2 0.00000000 33
3 000000000 43
SEC CONVECTIVE HEAT TRANSFER COEFF (BTU/HR SQ FT R)

1 7.00000000 24
2 0.00000000 34
3 12.00000000 44
SEC AMBIENT TEMP (R):

1 530. 00000000 25
2 0.00000000 35
3 600. 00000000 45

Fig. B-13 1Input Data - Problem 4



INPUT
FIN

B-23

Fig. B~13 1Input Data - Problem & (cont)

FIN VALUES INPUT DATA
RADIATION CONSTANT Cl (BTU/HR SO FT R*%4)
0.14560000F=08 _...80.
0.14560000E-08 100
Oe 120
RADIATION CONSTANT €2 {BTU/HR SQ FT)
146010000038 81
146610000038 101
0. 00000000 121 _
CONVECTIVE HEAT TRANSFER COEFF SIDE A (BTU/HR SO FT R)
7.00000000 82
7.00000000 102
12.00000000 122
CONVECTIVE HEAT TRANSFER COEFF SIDE B (BTU/HR SO FT R)
12.00000000 83
0.00000000 103
D 00000000 123
AMBIENT TEMP SIDE A {R)
530. 00000000 84
530, 00000000 104
600. 00000000 124
AMBIENT TEMP SIDE B (R) :
600+ 00000000 85
000000000 105
0.00000000 125
NOT USED
106
126
EFFECT LENGTH AT EXIT (FT)
0.18600000 - 87
0.34900000 107
0258520000 27
FFFECT LENGTH AT ENTRANCE (FT)
0.18300000 88
033600000 108
026520000 128
DUCT WALL TEMP AT EXIT (R)
62000000000 89
62000000000 109
620.00000000 129
DUCT WALL TEMP AT ENTRANCE {R)
7604, 00000000 90
760600000000 ° 130
7606 00000000 150



SECTION 1

INLET
800.00000000
736.59178162
26097404099

10309.24023438

SFCTION 2

INLET
T49.,37258148
700428737640
241490506363

9946494372559

SFCTION 3

INLET
698+ 36055603
663498297119
242480842400
9610.03039551

FINAL OUTPUT DATA

B-24

OUTLET
74937258148
70028737640
241.90506363

9946694372559

502104044
22027206993
35439.,19287109
241043955231
10128.09191895
5009765434
1.23233952
363.09560776

OUTLET
698496655603
663.98297119
242080842400

9610.03039551

4090042037

29. 68588352
35288. 41748047
24235674286
9778. 48706055
5133033562
1.68297043
476, 79207230

OUTLET
650, 00070953
627567856598
229.92062378
8850.16125488

478728259

43, 67850208
34271.89208984
236636452293
9230409582520
52.54267263
253473344
696.03276825

1535092044067

104999.50195313

545004338
533.56514130
95. 63645554

FLUID TEMP (R)
WALL TEMP (R)

HEAT TRANSFER CDEFF. {BTU/HR SO FTR)

REYNOLDS NO.

VELOCITY AVG (FT/SEC)
SECTION LENGTH (FT)
HEAT TRANSFER (BTU/HR)

HEAT TRANSFER COEFF AVG (BTU/HR 5Q FTR)

REYNOLDS NGO« AVG

FLUID DENSITY AVG

WEIGHT OF LIQUID (LB}
PRESSURE CHANGE (LB/SQ FT)

FLUID TEMP (R}
WALL TEMP (R)

HEAT TRANSFER COEFFe. (BTU/HR SO FTR)

REYNOLDS NO.

VELOCITY AVG (FT/SEC)
SECTIGN LENGTH (FT)
HEAT TRANSFER {BTU/HR)

HEAT TRANSFER COEFF AVG (BTU/HR SQ FTR)

REYNOLDS NOe. AVG

FLUID DENSITY AVG

WEIGHT OF LIQUID (LB}
PRESSURE CHANGE (LB/SQ FT)

FLUID TEMP (R}
WALL TEMP (R]}

HEAT TRANSFER COEFF. (BTU/HR SQ FTR)

REYNOLDS NQe

VELOCITY AVG (FT/SEC)
SECTION LENGTH (FT)
HEAT TRANSFER (BTU/HR)

HEAT TRANSFER COEFF AVG (BTU/HR SQ FTEQ

REYNOLDS NOe. AVG

FLUID DENSITY AVG

WEIGHT OF LIQUID (LB)
PRESSURE CHANGE (LB/SQ FT}

PRESSURE CHANGE SUM (LB/SQ FT)
TOTAL HEAT TRANSFER (BTU/HR)
TOTAL WEIGHT OF LIQUID (LB)
ENVIRON TEMP (R}

TOTAL LENGTH (FT)

END=-OF=DATA ENCOUNTERED ON SYSTEM INPUT FILE.

Fig. B-14 Output Data - Problem &
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EXAMPLE PROBLEM

INPUT DATA

1 0.04167 NUTSIDE DIAMETER (FT)
? 0.03083 INSIDE DIAMETER (FT)
3 12.00000 N0, OF TUBES
4 800, 00000 WEIGHT FLOW (LBS/HR)
5 0.14580 FIN LENGTH (FT)
6 0.01040 FIN THICKNESS AT ROOT (FT)
7 0.01040 FIN THICKNESS AT FAR EDGF (FT)
R 49000000 DENSITY OF FIN MATERIAL (LBS/CU FT)
9 490.00000 DENSITY OF TUBE MATERIAL (LBS/CU FT)
10 0. 00000 NOT USED
11 26, 017000 THERM COND OF FIN (BTU/FT HR R)
1?2 1. 00000 SPECIFIC HEAT OF FLD {BTU/LB R)
13 66000000 FLUIN TEMP AT ENTRANCE (R)
14 6.00000 HEAT TRANSFER COFFFICIENT SIDE A (HA. BTU/HR SO FTR
15 6000000 HEAT TRANSFER COEFFICIENT SIDE B (HB, BTU/HR SO FTR
16 535.,00000 AMBIENT TEMP SIDE A (R)
17 535, 00000 AMBIENT TEMP SIDE B (R)
18 0.00000 Al PHAA
19 0. 09000 ALPHAB
20 D.B5000 EPSA
21 085000 EPSB
22 0, 00000 EPSX
23 1.03000 FA
24 0,00000 FAX
25 1.00000 £B
26 0. 00000 FBX
27 0.03000 RHOM
28 0, 00000 RHOX
29 0.00000 THETAP (DEG)
30 0. 00000 THETAM (DEG)
31 0. 00000 THETAX (DEG)
32 530.00000 TM {R)
33 0.0N000 TX (R}
34 1.00000 FPSM
35 15.00000 I TFRATION LIMIT
36 15,00000 ND. OF INTEGRAVION STEPS
37 0. 00000 SOLAR CONSTANT (BTU/HR SO FT)
3R 050000 HEAT EXCHANGER EFFECTIVENESS
39 3. 00000 NO. OF SUBSECTIONS

40 3000, 09000 PRESSURE (LBS/SQ FT)
4036400 NUSSFELT NGO

+
[y

Fig. B~15 1Input Data - Problem 5
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